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INTRODUCTION (Lack, 1946, 1947-8). It was there 


[t is extremely difficult to measure na- 
tural selection in the field because, when 
one variant is at a marked disadvantage 
compared with another, it is usually too 
rare to provide adequate data, while when 
both variants are common, their selective 
value is closely similar (except where a 
heterozygote is at an advantage compared 
with either homozygote). It might seem 
especially rash to attempt to study such a 
problem in the case of clutch-size in birds, 
when the genetic factors controlling it are 
unknown. However, clutch-size posses- 
characteristic which facilitates 
such an investigation, due to the fact that 
it directly affects the number of offspring. 
The point in question can be made clear 
by a hypothetical (and over-simplified ) 
example. Suppose that a species consists 
of two hereditary types, one laying 5 and 
the other 6 eggs inaclutch. If both types 
are common, both presumably have an al- 
most equal selective value, and each gives 
rise to about the same eventual number of 
descendants, which means that their off- 
spring should survive in the ratio of 6:5, 
a difference which might be large enough 
to demonstrate in the field. 

A preliminary review of the clutch- 
size problem has been published elsewhere 


ses one 
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pointed out that the limitation of clutch- 
size to a comparatively small number of 
eggs cannot be adequately explained on 
purely physiological grounds. The view 
that it is adjusted to the mortality of the 
species is also untenable. The alternative 
hypothesis was put forward that it is ulti- 
mately selected by the number of young 
which the parents can raise, the latter be- 
ing determined by the available food sup- 
ply. This view, so acceptable a priori to 
the population-geneticist and so difficult, 
apparently, for the traditional ecologist, 
was supported by much circumstantial evi- 
dence, chiefly relating to seasonal and 
regional trends of variation in clutch-size. 

In the present paper, an attempt is 
made to provide direct evidence, to test 
whether, in fact, the young from broods 
of large size are at a disadvantage com- 
pared with those from broods of small 
size. It might be expected that, for 
broods above the average size, propor- 
tionate mortality among the young would 
rise as brood-size increased. When this 
is so, a point is quickly reached where 
an increase in the number of eggs is offset 
by the increased mortality, so that there 1s 
no increase in the number of young 
raised. One might reasonably hope to 
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find evidence 
nature. 


for this turning point in 
However, one could not expect to 
go beyond it, to the point when produc- 
tivity actually declines with increasing 
clutch-size, as mutants tend 
to be eliminated, hence individuals with 
disadvantageously large clutches would 
tend to be very rare. It should be added 
that even the turning point might be ob- 
scured if there were 
genetic modifications in 


deleterious 


extensive non- 
clutch-size, as 
shown in the parallel case of litter-size in 


mammals (Lack, in press). 


Tue Raw Data 

The European Starling (Sturnus vul- 
garis) was selected for study, as the data 
were more extensive and less complex 
than for other species, which will be 
The data used 
Institute for Plan- 
tenziektenkundigen Dienst, Wageningen, 
Holland, tor clutch-size and nesting suc- 


treated in later papers. 
here come from: (1) 


cess; (11) Vogelwarte Sempach, Switzer- 
land, for brood-size and_ post-fledging 
survival; (ii) Edward Grey Institute, 
Oxford, for clutch-size, in MSS by R. 
Carrick, A. Whitaker, late F. C. R. Jour- 
dain, and the British Trust for Ornithol- 
ogy Hatching and Fledgling Enquiry; 
(iv) British Birds and British Trust for 
Ornithology Marking Scheme, for brood- 
size and post-fledging survival. The 
writer 1s particularly indebted to Dr. 
Kluijver in Holland and Dr. Schifferli 
in Switzerland for generously putting 
their extensive data at his disposal, when 
it was found that the Britis] 
insufficient. 


data were 


CLUTCH-SIZI 

Holland and Switzerland, 
the Starling lays its first clutch in April 
or early May. 


In Britain, 


A smaller number of lay- 
ings occur in late May and in June, these 
heing due partly to one-year-old birds 
breeding for the first time, partly to older 
birds whose first layings were destroyed, 
and partly to older birds which have al 
ready raised one brood in the season. In 
this paper, all clutches laid in April, and 


Clutch-si i of 


TABLE 1. 


Number of clutches in 


N. England Holland 


June 


10 


Total 105 
Average $.9 


Note. Average clutch-size for May lavings in 
Holland was 4.9. 


all broods with young old enough to band 


in May, have been classified as “early” 


broods, and they have been separated trom 
later layings, which are on the average 
somewhat smaller in The latter 
point is shown for clutch-size in Holland 
in table 1, and for brood-size in all three 
regions in table 2. 


size. 


The differences are 
statistically significant. In general, 5 is 
the commonest size of an early laying, and 
4 of a late clutch. 

The Starling also shows a regional var- 
iation in clutch-size. As in many other 
passerine species, average clutch-size 1s 
somewhat smaller in England than in cen- 
tral Europe at the same latitude (Lack, 
1947-8). This is shown for clutch-size in 
England compared with Holland in table 
1, and for brood-size in England compared 
with Holland and Switzerland in table 2. 
The average differences are rather smaller 
than those associated with the season of 
the vear, but are statistically significant. 
RATE 


PARENTAL FEEDING 


The hypothesis of this paper rests on 
the assumption that the parent Starlings 
bring less food to each nestling in a large 
a small brood. 


than This was found by 
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TABLE 2. Brood-size 
Number of early broods in Number of late broods in 
Brood-size | nT ieee 
| N. W. England Holland Switzerland | N. W. England | Holland Switzerland 
? | 30 65 | ? 34 44 
2 66 98 | 164 31 77 | 96 
3 166 189 426 66 145 254 
4 311 395 989 57 194 391 
5 295 425 1235 25 124 285 
6 69 196 526 4 29 73 
7 6 4] 93 14 7 
8 3 15 
9) 2 
10 | 
Total 913 1377 3516 183 617 1150 
Average 4.1 4.4 4.5 3.3 3.7 4.0 
Notes. (i) The English average has been adjusted to allow for the fact that broods of 1 are not 
recorded, by assuming that the ratio of broods of 1 to broods of 2 is the same as in 
Switzerland and Holland. 
(ii) The average for all 2186 English broods banded in May was 3.9 and for 538 later 
broods it was 3.0—these figures are rather smaller than those for N.W. England only. 
(iii) The Swiss averages are: for May: 4.5, first half of June: 4.1, second half of June: 3.8 
and July: 3.5, based on 3516, 439, 580 and 131 broods respectively. 
TABLE 3. Feeding frequency and brood-size Kluijver (1933) to hold in the Starling, 
# ~ * nae 7) . . - 
(after Kluayjver ) as summarised in table 3, but further data 
Leer es... Ace on this point are desirable. However, a 
Number of feeding visits 5!Milar result was obtained for most other 
per day for Ss species in which this problem has been 
Days after hatching brood of 4 brood of © = investigated by Moreau (1947). To sum- 
3 208 227 marise these data: with a brood of larger 
t 247 235 size, the parents increase the number of 
5 25 306 fad? os : ; 
, “on their feeding visits, but the increase is not 
) Wh “ ) —— 7 
7 345 476 sufficient to offset the larger number of 
8 300 525 voung, so that each nestling is fed less 
9 388 430 often in a large than in a small brood. 
10 358 448 
i 240 472 ; | ; 
12 401 483 MORTALITY IN THE NES1 
13 395 485 . . 
- Owing to the above fact, it was ex- 
14 358 440 : 8 
15 366 408 pected that the young would show, on 
16 421 366 the average, a proportionately higher mor- 
17 378 393 tality in large than small broods. The 
- —_— - ‘sting data for the Starling in Britain 
Potal in 15 days 4959 6000 nest S lata ; - , . 
otal per nestling per day 83 67 did not suggest this, but w ere too tew tor 
i analysis. Fortunately, extensive nest rec- 
(1) 1931 F . [ faEee 
ords are available from Holland since 
brood ot 2 brood ot 6 1922 ’ P . | f 
. 2 > fo ff the number of eggs 
Total of feeds per day 224 390 és, in the form of the numbe 88 
Feeds per day per young 112 65 laid and the number of young alive on the 


rere: observer's last visit. These are analysed 
in table 4, and show decisively that the 
above expectation is not realised. 


Note. The first set of records is adapted from 
Kluijver (1933), table IV, p. 57, and the second 
set from his table III, p. 55. 
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TABLE 4. Nesting success (egg—fledgling) 


in Holland 








Number laid Re Per cent fledged 
Clutch- , ee oo 
size All broods All broods 
All except All All except 
broods total broods | broods total 
failures | failures 
1. April lavings 
3 126 105 86 68 82 
4 956 864 727 76 84+ 
5 2975 2770 2324 78 84 
6 2298 2184 1784 78 82 
7 798 756 620 78 82 
8 120 112 87 73 78 
others 55 53 34 
Total | 7328 6844 5662 77 83 
2. Late lavings 
3 162 144 125 77 87 
4 888 800 642 72 80 
5 1345 1210 949 71 78 
6 516 486 340 66 70 
7 245 203 159 65 78 
others 73 71 46 
Total | 3229 2914 2261 70 78 
Notes. 1) ‘“Total failure’ refers to broods in 


which no nestling fledged. It 
is better to omit losses of entire 
broods, as these are due mainly 
to predation and are erratic. 

it) Number “‘fledged’’ means number 
of young alive in nest on ob- 
server's last visit; each nest was 


visited at least weekl 


As interest 1s in mortality due to mal- 
nutrition, losses of entire broods are better 
omitted from analysis, since they are due 
mainly to human 
The right-hand column of 
table 4 shows that, in early layings, the 


predation, including 


destruction. 
proportion of eggs which give rise to 
fledged young is approximately the same 
for clutches of 3, 4, 5, 6, 7 and 8 eggs. 
For late layings, the answer 1s similar; 
(except for an apparent lower success for 
clutches of 6, which is attributable merely 
to random sampling, as a similar drop is 


When the 


not found for clutches of 7) 
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losses of entire broods are included in the 
analysis (fifth column of table 4), the re- 
sults for early layings again show no vari- 
ation with clutch-size, and the apparent 
variation in late layings is doubtless due 
to random sampling, the losses of entire 
broods being very erratic in their incidence 
from place to place and year to year. 
Nestling mortality was found to be inde- 
pendent of brood-size in the four other 
small passerine species in which this point 
has been studied (Lack, 1946, and un- 
published ). 


NESTLING WEIGHT 
The fact that nestling mortality is sim- 
ilar for broods of different sizes was first 
discovered for the Robin ( Erithacus rube- 
cula) (Lack, 1946). 
problem further, 


To investigate the 
nestling were 
weighed daily from hatching to flying. 
This unexpectedly that there 
were extremely marked individual vart- 
ations in the weight of the nestlings ( Lack 
and Silva, in 


Robins 


revealed 


press; Lees, in press). 
Lees (in litt.) has found similar large var- 
lations in the other small passerine species 
which he has weighed. In such species, 
the nestling can remain alive, and de- 
velop its feathers normally, although badly 
under weight, and the chief effect of un- 
dernourishment on a nestling is not death 
in the nest, but a reduced weight when it 
the 


data so far available on the weights ol 


leaves nest. The only comparative 
nestling Starlings in broods of different 


sizes were obtained in 1947 by R. Carrick 


TABLE 5. 


Obtained in England in May 1947, by R. Carrick 


Nestling weights of Starling 


Average weight per nestling 
in grams in 


\ge in days 
Brood of 2 Brood ot § Brood ot 7 
} 28.8 21.4 
6 8.3 15.1 38.2 
15 88.0 77.6 71.4 
Vote. The limits of weight on day 15 were for 


brood of 2: 87.5-88.5; for brood of 5: 72.5-83.0; 


and for brood of 7: 66.0—77.0. 














for three broods of different sizes, all 
raised by fully adult parents, all in the 
same locality, and all starting incubation 
on the same date. The results, set out in 
table 5, fit the view that the average 
nestling weight decreases as brood-size 
increases, but many more data are needed 
before this point can be considered es- 
tablished. 


Post-FLEDGING SURVIVAL IN 
SWITZERLAND 

Those young which are below normal 
weight on leaving the nest might well have 
a reduced chance of subsequent survival. 
Moreover, any differences in their fledg- 
ing weight associated with size of brood 
would tend to be intensified in the period 
immediately after leaving the nest, when 
the young are still dependent on their 
parents for a time; hence the greater the 
number of young, the less often each will 
tend to be fed. This means that the pos- 
sible adverse effects of a large brood-size 
on survival can be revealed only if the 
data are extended to cover the period 
after leaving the nest. 

Soon after leaving the nest, young 
Starlings join with their parents to form 
large flocks, and it would seem impos- 
sible to study the further fate of individual 
broods in the wild. However, the es- 
sential data can be obtained indirectly 
from bird-banding, which was originally 
started to study migration, but has since 
thrown light on many other points of 
For the Starling, the 
Swiss data are particularly extensive, and 
most observers recorded the number of 


nological interest. 


young separately for each brood banded. 

Should there be, in the period shortly 
after leaving the nest, a heavier mortality 
among the young from large than from 
small broods, then proportionately more 
individuals from small than large broods 
should survive to maturity. The propor- 
tion of young Starlings from each brood- 
size alive at the time of leaving the nest 
is easily (if laboriously) obtained by add- 
ing up the numbers of all banded young, 
separately for each brood-size. The pro- 
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portion of successful survivors from each 
brood-size is revealed by adding up the 
number of individuals from each brood- 
size recovered after they have attained a 
certain age. The minimum age for such 
‘successful survival’ was provisionally fixed 
at three months after leaving the nest, 
and the results indicate that, in fact, the 
main mortality due to any undernourish- 
ment in the nest has occurred before this 
age is reached. N.B. It does not mat- 
ter whether the birds recovered after 
reaching this age were found dead or alive 
since the point of interest is whether they 
successfully attained this age. In fact, 
most of the Swiss birds were recovered 
dead, the Dutch alive, while the British 
sample included many of both types. 

The brood-size of a recovered Starling 
is, of course, found by turning up the 
band-number concerned in the original 
Only about 2% of the 
banded nestling Starlings are later re- 
covered. The rest die undetected. The 
assumption is made here that those re- 
covered more than three months after they 
leave the nest are a random sample of 
the population remaining alive. (The 


banding data. 


individuals recovered within the first three 
months come in a different category, and 
will be discussed later. ) 

The results set out in table 6 are highly 
suggestive. In early broods, 5 is the com 
monest size of family. The recovery-rate 
for birds more than three months out of 
the nest is about the same for those com- 
ing from broods of 3, 4 or 5 young, in each 
case being around 2%. On the other 
hand, as soon as the brood-size exceeds 5, 
the recovery-rate falls. For individuals 
from broods of 6 it is only 1.7%, and for 
those from broods of 7-8 it is only 1.4%. 
If, now, the proportion of individuals re- 
covered is multiplied by the original num- 
ber of young in the brood (as in the right- 
hand column of table 6), it is seen that, 
on the average, a brood of 5, 6 or 7 young 
gives rise to the same number of recover- 
ies, about 0.1 per brood. If these recover- 
ies are representative of the population, 
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Post-fledging survival in relation to brood-size. 


For Swiss Starlings banded as young 


TABLE 6. 
Brood-size No. of broods No. of voung 
Pare . banded banded 
a Early bre 1 ds 

1 65 65 

2 164 328 

3 426 1278 

4 989 39056 

5 1235 6175 

6 526 3156 

7 93 651 

8 15 120 

9 2 18 
10 | 10 
Total 3516 15757 

Zz. Late broods 

1 44 44 

2 96 192 

3 254 762 

. 391 1564 

> 285 1425 

6 73 $38 

7 7 19 
Total 1150 1474 


this must mean that an increase in brood 
size between 5 and 7 young is approxi 
mately counterbalanced by an increase in 
proportionate mortality among the young, 
taking place in the period shortly after 
they leave the nest. (Broods of 9 or 10 
young are too scarce for a reliable esti- 
mate of their mortality. This scarcity 
suggests that they are at a selective disad 
vantage, with productivity below that of 
broods of smaller size, but this view could 
be tested only by the experimental ad 
dition of young to nests, so as to make up 
a large series of broods of 9 and 10 young 
artificially. ) 

The above data fit the hypothesis ad 
vanced earlier, viz. that when brood-size 
rises above the also 


average, mortality 


rises, so that productivity is not increased. 


Young recovered more than 3 monthis 


Relative 
productivity 
(previous column 
. X brood-size) 


after fledging 


Number Percentage 


(banded in May 


0 

6 1.8 3.7 
26 2.0 6.1 
82 2.1 8.3 
128 Z.8 10.4 
53 1.7 10.1 
10 1.5 

) 

| 0.8 10. 

() 

() 
306 1.94 

June, July) 

1 

8 | 5.8 
14 

35 2.2 8.9 
25 1.8 8.8 

6 1.4 8.2 
89 1.99 


Unfortunately, the proportion of birds re 
covered is so small that, despite the large 
numbers banded, the totals recovered are 
too small for the apparent differences in 
recovery-rate to be statistically signifi- 
cant. One could not expect bigger dif- 
ferences in the recovery-rates than those 
since, according to 


actually obtained, 


theory, the productivity per brood should 
be about equal for a brood of 5. 6 or 7 
as in fact it is. (Had the young 
from broods of 6 or 7 survived less well, 


young, 


broods of 6 and 7 would have been less 
productive than broods of 5, and so would 
presumably have been extremely scarce. ) 
Hence the lack of a significant result 1s 
due to the small number of recoveries, and 
not to the 
For a significant result, about twice the 


size of the difference found. 
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present number of recoveries is needed, on 
the assumption that they are recovered in 
the same proportions as in table 6. The 
Swiss are now resuming the intensive 
banding of Starlings, which was stopped 
in 1937, but it may be another decade 
before sufficient further data have been 
obtained. 

Turning to the second half of table 6, 
in late broods 4 is the commonest size of 
family, and the recovery-rate falls from 
2.2% in broods of 4, to 1.8% in broods of 
5, and to about 1.4% in broods of 6. 
Once again, if the proportion of indi- 
viduals recovered ts multiplied by the num- 
her of young in the brood, it is seen that 
broods of 4, 5 and 6 young are about 
equally productive. Hence the results 
trom late broods corroborate those from 
early broods. Unfortunately, the data 
are again too few for the result to be 
statistically significant. 

[In both early and late broods, the de- 
cline in. survival-rate appears to com- 
mence as soon as brood-size rises above 
the commonest size found in nature (as 
theory requires), and it is interesting that 
this brood-size is one smaller in late than 
in early broods. Table 6 shows that the 
voung from late broods have a_ similar 
total recovery-rate to those from early 
broods, 1.e., 1.99% cf. 1.94%, but this 
equality is achieved only because the aver- 
age size of late broods is smaller by one. 
For broods of 5 young or more, the sur- 
vival-rate is lower in late than early 
broods. This strongly suggests that the 
reduction in average clutch-size in late 
as compared with early layings is an ad- 
vantageous adaptation, and it may be sug- 
gested that the food supply available for 
nestling Starlings is smaller late than 
early in the season. Kluijver (1933) 
showed that, though the food is highly 
variable, the young of early broods are 
fed mainly on dipterous larvae, those ot 
late broods mainly on Orthoptera. The 
latter possibly provide a less available or 
less nutritious diet than the former, but 
this point requires investigation, as does 


the regularity of the above difference in 
diet. 

An independent check on the results 
in table 6 is provided by those banded 
Starlings found dead within three months 
of leaving the nest. As those in their 
third month might already have survived 
the period in which death occurs through 
previous undernourishment as a nestling, 
it is better to restrict analysis to the first 
two months after leaving the nest. As 
before, only a small proportion of the 
banded young which die in this period are 
later found and reported. These dead 
birds might be a random sample of the 
population alive at the time, in which 
case one would expect the recoveries to be 
in roughly the same proportions as the 
birds originally banded. Alternatively, 
the sample might include some of those 
juveniles dying as a result of under- 
nourishment, in which case one would ex- 


TABLE 7. Recoveries of birds dead within 


2 months of leaving nest 


For Swiss Starlings banded in May 


No. found dead in 


Brood-size Per cent 
No. —— —_————/ found dead 
banded . less than 2 
Ist 2nd months old 
month month 
1 65 ] 
) 328 
‘ oy e 0.21 
») 1278 2 : 
} 3956 2 8 
5 6175|| 14 8 0.35 
6 3156 9 5 
7 651 l 2 0.43 
8-10 148 
Total 15757 26 25 0.32 
Notes. (i) The differences in recovervy-rate 


are not significant. 
(ii) Recovered in 3rd month: 2 from 
broods of 4, 6 from broods of 5, 
1 from broods of 7. 
Recoveries from late broods: in 
first two months, 3 from broods 
of 2, 5 from broods of 3, 4 from 
broods of 4 and 4 from broods of 
5: in third month, 1 from brood 
of 3, 1 from brood of 4, 2 from 
broods of 5, and 1 from brood of 6. 


(ili 
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pect to find a relatively high proportion 
of individuals from broods of sizes above 
the average. On neither view, however. 
would one expect to find a relatively high 
proportion of dead individuals from 
broods of small size, such as occurred in 
table 6. 

The data for early broods in table 7 in- 


dicate that, during the first two months 
after leaving the nest, there is a higher 
recovery-rate of dead young from broods 
small size, 1.e., the reverse 
of table 6. Thi 

that the from 


larger size are at a comparative disadvan- 


ot large than 
s therefore supports the 
broods of 


view young 


1 


tage in tne period soon after leaving the 
nest. Unfortunately, the recoveries are 
again too few to give a result which is 


(The data for 
late broods are too few to be worth analys- 


statistically significant. 


, . . 
ing, but are added as a footnote to table 


/ } 


AND DutcH Data 


) , 
BR ris] 


Many 


banded. 


tewer Starlings have been 
and a smaller proportion §re- 
covered, in Britain than in Switzerland. 


The results for those recovered after they 


are three months old are set out in table 
8, and, in general, support those from 
Switzerland in table 6, though once again 


' 


they are too few to show whether the ay 


parent differences in recovervy-rate are 
> | 


For early bre OCS 


tatistically significant. 
in Britain, 4+ is the 
family, and the 


commonest size ot 
recovery-rate for indi 
broods of 4 is 19%, 
individuals from 

talls to onlv 1.6%.* In 


commonest size of family is 3. and the re- 


viduals from where 


as tor broods otf 5-7 11 


late broods. the 


* The apparent higher survival rate for Brit 
than 
broods of 5 1s presumably due to random varia 


ish Starlings from broods of 6-7 from 


tion in a small sample. I[t might be added that 


H. J 


t 6 young each, from which 5 individuals were 


in 1933 one man, Moon, banded 11 broods 


later recovered, a proportion. [or 
1] 


ill other vears and all other brood 


very high 
-sizes, Moon's 
recovery-rates were normal. 
lata, the 


Omitting his 1933 
° | 
proportion recovered 


British 


more reason 


from 
broods of 6 is only 1.6%. a much 
ible figure 
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PaBLeE 8. Recoveries of British banded Starlings 


Young recovered more 


No. of No. of than 3 months old 
Brood-size| broods young 
banded banded 


Number | Percentage 


May 


1. Early broods 


2 255 510 7 f 

155 1365 2? IS 

4 734 2936 55 1.9 

5 596 2980 }4 is 

jen sons “ 

0 l o 198 1] 24 1.6 

i 13 91 2 
Total 186 8680 147 1.7 

2. Late broods (June, July) 

2 120 40) 3 c.1.3 

3 191 373 19 3.3 

4 165 660 14 1 

5 54 270 1 c.0.3 

8) 7 $2 

7 1 7 
Total 538 1792 37 2.1 
Note. The apparent higher recovery rate from 


late than early broods is probably due to chance, 


as it mainly results from one worker's trapped 


When his 
the proportions recovered are 1.3; 
1.5° ( for late broods. 


recoveries are omitted, 
for May and 


recoveries. 


covery-rate is smaller from broods of 4 
and 5 young than from broods of 3. 

The recovery-rate for Starlings in their 
first two months after leaving the nest 1s 
ugher in Britain than in Switzer 
totals 
ritish recover 


much 


land; hence despite the smaller 


banded, there are enough 
ies from early broods for a significant re- 
sult. The data in table 9 show that, in the 
first two months after leaving the nest, 
the recovery-rate is significantly higher 
for dead young from broods above the 
average in size than for dead young from 
broods of smaller size. This confirms the 
results in table 7, and supports the view 
that the young from broods of above aver 
age size experience a heavier mortality 


than those from broods of smaller size, 
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TABLE 9. Recoveries of birds dead within 2 months 
of leaving nest. For British Starlings 
banded in May 








No. found dead in Per cent 
No. found dead 





Brood-size 


banded | l less than 2 
| Ist month | 2nd month} months old 
? 510 | 3 1) | 
} 1365 3 2 0.42 
} 2936 | ) 2 
5 2980 | 18 6 
6 798 | 3 2> | 0.78 
91 1 
_ ee sa niegsianaedintllbaataaeeadbdd 
Total | 8680 | 37 13 | 0.58 
| | 
Notes. (i) The difference in recovery-rate 


for smaller compared with larger 
broods is significant, x? = 4.8. 
(ii) Recoveries in 3rd month: 1 from 
brood of 2, 1 from brood of 3, 
4 from broods of 4, and 2 from 
broods of 5. 
iit) Recoveries from late broods: in 


first 2 months, 4 from broods of 2, 


6 from broods of 3, 6 from broods 
of 4, and 5 from broods of 5: in 
third month, none. 


during the first two months after they 
leave the nest. 

A few data are also available from Hol- 
land, all obtained from broods banded 
in the last week of May, 1932 and 1933, 
by H. N. Kluijver. The high rate of re- 
covery 1s due to the fact that most recover- 
ies were of individuals trapped alive at 
nest-sites in a later year. In Holland, as 
in Switzerland, 5 is the commonest brood- 
size, and the data in Table 10 show that 
successful survival to an age of at least 
3 months is proportionately much higher 
for young from broods of 5 or less, than 
it is for young from broods of more than 
5 young. The difference is statistically 
significant. 

To sum up the results in tables 6-10, 
in Switzerland, Britain and Holland, 
the differences in survival-rate among the 
young from broods of different sizes sup- 
port the hypothesis advanced a priort, al- 
though in only two cases (tables 9, 10) 
are the differences statistically significant. 
However, there are altogether seven in- 


TABLE 10. Recoveries of Dutch Starlings 
banded in May 








| | Young recovered more 
Brood- No. of No. of | 





than 3 months old 
pa broods young 
= banded banded | 
Number Percentage 
2 3 6 ~ 
3 5 15 2 
10 

} 16 64 6 

5 45 225 | «24 

6 25 150 5 

7 3 21 | 3 

8 1 8 





Note. The difference in recovery-rate for 
smaller as compared with larger broods is sig- 
nificant, x? = 6.7. 


dependent analyses, five for young attain- 
ing an age of at least three months (viz. 
Swiss early and Swiss late broods, British 
early and British late broods, Dutch early 
broods), and two others for young dying 
in the first two months (viz. Swiss early 
and British early broods). All seven 
analyses give an answer in accordance 
with the view that, for broods above the 
average in size, juvenile mortality is 
higher; hence, taken together, they 
strongly suggest that this view is correct. 


THE REGIONAL DIFFERENCE 


It will be noted that in early broods 
the commonest number of young is 5 in 
Switzerland but only 4 in Britain, while 
in late broods it is 4+ in Switzerland but 
only 3 in Britain. Lack (1947) showed 
that there was a widespread tendency for 
the average clutch-size of passerine birds 
to be larger in Central Europe than in 
Britain at the same latitude, and argued 
that a general trend suggests an adapta- 
tion. The data in tables 6 and 8 fit in 
with this suggestion, since, in early broods, 
the survival-rate begins to decrease with 
a brood of more than 5 young in Switzer- 
land, but with a brood of more than 4 
young in Britain, while in late broods the 
decrease commences with a brood of more 
than 4 young in Switzerland but with a 
brood of more than 3 young in Britain. 
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This presumably means that more food is 
available for young Starlings in Switzer- 
land than in Britain, but there are as yet 
no data on this point. In the parallel 
case of the Swift (Apus apus) in the two 
regions, there is suggestive evidence that 
not only average clutch-size but also food 
supply is greater in Switzerland than in 
Britain (Lack and Arn, 1947). 

Lack (1947) 
tendency in passerine birds for average 
clutch-size to be higher in the north than 
the south of the European range. There 
are not yet sufficient data on this point 
for the Starling (but see note to table 2). 


also showed a general 


ADAPTIVE MODIFICATIONS 


Although clutch-size might be regarded 
as a form of polymorphism, the discon- 
tinuities are due to the impossibility of 
laying fractions of an egg, and the hereci- 
tary control is probably influenced by a 
number of genes, as in the case of other 
quantitative characters, such as body-size. 
The frequency distribution of clutch-sizes 
suggests a roughly normal curve. 

A further complication is the existence 


of non-genetic, adaptive modifications. 
In birds, three important advantageous 
modifications in have been 


demonstrated, connected with (1) season 


clutch-size 


of vear, (11) age of bird and (ii) dif- 
ferences in feeding conditions from one 
year to another (Lack, 1947). 

(1) In the Starling, the seasonal varia 
tion has already been discussed, and there 
is suggestive evidence that the 
size of late broods 1s adaptive. Similarly 
in the Alpine Swift (Apus melba), late 
clutches are smaller than early clutches, 


smaller 


and it has been shown that the survival- 
rate from broods of large size is smaller 
in late than it is in early broods (Lack and 
Arn, 1947). 

(11) Klujjver (1933, 1935) has shown 
that Starlings breeding for the first time, 
when about a year old, tend to lay clutches 
of smaller 
parents. 


than do older 
A similar tendency is found in 


average size 


other passerine and near-passerine spe 
cies (Lack, 1947; Lack and Arn, 1947). 
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and it is probably general. It seems rea- 
sonable to consider this as another advan- 
tageous modification, which has become 
part of the hereditary constitution of the 
species through natural selection, due to 
the fact that parents breeding for the first 
time are less efficient at collecting food 
for nestlings than are experienced parents, 
so that the optimum brood-size is some- 
what smaller for young than for experi- 
enced parents. This supposition has not 
as yet been tested for any species, and 
should be investigated. ’ 
This means that, 
unless first-year parents can be separated 


second modification 
from the rest, the results of an analy- 
sis such as that in table 6 will be some- 
what obscured. 
ot small 


For some of the broods 
will be those raised by 
first-year and inexperienced parents, and 


size 


their young may have a smaller chance 
than have the 


voung from broods of rather larger size 


of subsequent survival 


raised by experienced parents. In_ the 
Starling, however, unlike some other spe- 
cies, Kluijver (loc. cit.) has shown that 
many of the first-year birds breed later 
in the season than the older birds, so that 
the first broods of the latter are usually 
separated from the former by date alone. 
Probably most of the early (1.e., May) 
broods whose survival was analysed in 
tables 6 and 8 were raised by experienced 
parents. 

(ii) A few passerine species show 
marked, and others small, differences in 
average clutch-size from one year to an- 
other. A variation of this nature has pre- 
sumably become a characteristic of the 
species only when, on balance, it 1s ad- 
vantageous. The advantage is obvious 
in the case of African passerine species 
which have larger clutches when the rains 
are heavy (Moreau, 1944), and in the 
case of rodent predators which have larger 
clutches when there is a vole or lemming 
plague (Lack, 1947). 
gestive evidence that, in the Alpine Switt, 


There is also sug- 


the years of larger average clutch-size are 
also the vears with high nesting success 
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among broods of large size (Lack and 
Arn, 1947). 

Kluijver’s data for the April layings of 
the Starling in Holland are analysed in 
table 11 for each year separately. The low 
averages for 1922 and 1925 are possibly 
doubtful, as in a co-operative study the 
accuracy of the observers tends to in- 
crease with time. However, even omit- 
ting the early years, average clutch-size 
varies between 5.06 in 1931 and 5.55 in 
1930, and an analysis of variance shows 
that the differences in mean are greater 
than can be attributed to chance alone. 
There therefore seems to be some an- 
nual variation in the size of the first lay- 
ings of the Starling. The laying time var- 
ies from one year to another, associated 
with the general earliness or lateness of 
the spring, but the data in table 11 show 
that this is not the major cause ot the 
clutch-size variation. For the present, 
the latter cannot be explained, nor is it 
known whether it is an advantageous mod- 


TABLE 11. Annual differences 
in average clutch-size 


In Holland 


*an date o 
Ver | No.of | Mean | sie. | laying of 
| first broods 
1922 29 4.79 0.19 
1923 51 5.29 0.14 22.1V 
1924 52 5.37 | 0.14 28.1V 
1925 82 4.76 0.11 | 20.1V 
1928 85 5.28 0.11 30.1V 
1929 12 5.42 0.29 4.V 
1930 106 5.55 0.09 22.1V 
1931 196 5.06 0.07 | 26.1V 
1932 116 5.41 0.09 | 291V , 
1933 245 5.09 0.06 25.1V 
1934 228 5.27. | 0.07 23.1V 
1935 138 5.39 0.09 | 24.1V 
1936 239 5.39 0.06 | 25.1V 
1937 & 42 13 5.00 | 0.28 | 
All vears 1592 5.24 


Variance ratio = 4.69/1.00 at 13 
1578 degrees of freedom, which is 
significant. The result is. still 
significant if the first four years 
are omitted from consideration. 
(ii) The mean date of laying was 
calculated for that of all clutches 
laid before May 10th each vear. 


Notes. (i 


ification. It should be added that it is 
much smaller in extent than in some other 
species. Extensive adaptive modification 
have a highly obscuring effect on the type 
of analysis undertaken in table 6, since 
small clutches tend to be laid when con- 
ditions are unfavourable for the survival of 
the young, and large clutches when they 
are favourable. In an extreme case, with 
much phenotypic and no hereditary varia- 
tion in clutch-size, one would expect pro- 
portionate survival to be very similar from 
clutches of all sizes. This point has been 
discussed in mammals (Lack, in press) 
and will be discussed later for other 
species. 

Table 11 shows that each individual 
Starling does not necessarily lay a clutch 
of the same size in each year, and this is 
confirmed by data from H. N. Kluijver 
on the layings of marked individuals in 
successive years, set out in Appendix I. 
The data are restricted to first broods, 
late broods being omitted. Layings of 
individuals known to be only one year 
old are also omitted, though some may 
have been included inadvertently, as most 
of the birds were of unknown age when 
banded. Analysis shows that the vari- 
ance between clutches of the same indi- 
vidual is smaller than the variance be- 
tween clutches of all individuals, the 
difference being statistically significant at 
a probability of .O1. Hence, despite some 
annual variation, each individual has a 
tendency to lay a clutch of similar size 
each year (after the first). This accords 
with the view that clutch-size has a 
hereditary basis. Data given by Nice 
(1937) for the Song Sparrow (Melospiza 
melodia), and by Weitnauer (1947) and 
Lack and Arn (1947) for Swifts (A pus 
spp.), suggest a similar conclusion for 
these species, but more detailed observa- 
tions are needed. 


RECOVERIES FROM THE SAME Broop 


Table 12 shows the number of cases 
in which two members of the same brood 
were later recovered, this being confined 
to cases in which both individuals attained 
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TABLE 12. Recoveries from same brood 
No. ol No. of No ol cases 
Brood-size broods recoveries over of 2 in 


banded 3 months old same brood 


Switzerland 


2 260 14 ] 
3 680 40 
4 1380 117 7 
5 1520 153 10 
6 599 59 ; 
7 100 10 
8-10 18 | 
Britain 
2 375 7 
3 64¢ 28 1 
4 899 39 2 
5 650 29 2 
6 140 12 
7 14 | 
Holland 
2-3 8 ? l 
| 16 6 
5 $5 24 } 
6 25 5 1 
7-8 } | 
Votes. (i) For Britain, recoveries of birds 


trapped are omitted. 
(ii) In Switzerland, one pair was due 
to trapping in the same place. 
(iii) In Switzerland, there were 6 
further cases (omitted in table 12 
in which one of the pair was re- 
covered in its 2nd month of life. 


an age of at least three months. The num- 
ber of such pairs recovered is higher than 
would be expected by chance, and the de- 
parture from random 1s significant. This 
result is not attributable merely to a 
tendency for birds in the same brood to 
stay in the same flock, as the two recover- 
ies were usually from widely separated lo- 
calities, for instance one from Algeria in 
winter and the other from Switzerland 
in summer. <A similar tendency is also 
apparent among British Starlings. To test 
the latter, all trapped recoveries were 


omitted, as these come from a few re- 
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increases the 
chance of finding two in the same brood. 


stricted localities, which 

The above result could be explained 
through a tendency for either all or none 
of the members of each brood to survive 
the dangerous first three months of life. 
Such a tendency might occur if the parents 
fed each nestling in the brood about 
equally, so that either all or none of them 
tended to be undernourished at the time 
of leaving the nest. This point could be 
studied further by a detailed analysis of 
nestling weight in the Starling. It will 
be shown later that, in Song Thrush 
(Turdus ericetorum) and Blackbird (T. 
merula), the frequency with which two 
individuals from the same brood are re- 
covered is about what would be expected 
by chance, and there is no tendency of the 
type shown in table 12. In the Great Tit 
the same tendency is found as in the Star- 
ling, but in this species nearly all the re- 
coveries are due to trapping in restricted 
localities, so that this result might merely 
reflect the tendency for individuals from 
the same brood to stay in the same flock. 


POPULATION ‘TURN-OVER 


It is seen from table 2 that the Starling 
has a lower reproductive rate in Britain 
than in Switzerland. While in both coun- 
tries the Starling has been increasing in 
numbers in the last fifty years, the in- 
crease has probably been sufficiently slow 
to mean that the average number of young 
born each year is very nearly equal to the 
average annual mortality. The higher re- 
productive rate of Swiss than of British 
Starlings should therefore mean that the 
Swiss birds have a higher annual mortal- 
ity than the British. This point can be 
tested by analysing the age at death of 
each banded bird later recovered, as set out 
in table 13. This indicates that the mor- 
tality in the first year is 73% for Swiss but 
only 66% for British Starlings, while in 
later years it is 62% for Swiss and only 
55% for British birds. 
are statistically significant, and therefore 


These differences 


However, 


support the above hypothesis. 























TABLE 13. Annual mortality of banded Starlings 
in Switserland and Britain 
Number found dead in 
Year Switzerland Britain 
Ist 433 261 
2nd 97 75 
3rd 45 26 
4th 8 23 
5th 7 6 
6th l 3 
7th ~— 
Sth 1 
12th l —~ 
Total 592 395 
Mortality in first year 73Q% 66% 


Average annual mortality 
after first year 62% 5529 


Notes. (i) For Starlings banded as young, 
the first year is reckoned from 
date of ringing to May 3lst of 
following year, and subsequent 
years from June Ist-May 3lst. 

(ii) Average annual mortality is given 


D2+ D3+ D4--- 
by ———— where 


D2 + 2D3 + 3D4--- 
D2, D3, D4 = no. of young found 
dead in 2nd, 3rd, 4th, --- years 
after ringing. 
(iii) The mortality data are analysed 
in more detail elsewhere (Lack 
and Schifferli, in press). 





it is possible that the small percentage of 
recovered Starlings is slightly biassed as 
to age, as discussed in greater detail by 
Lack and Schifferli (in press). It is 
scarcely necessary to add that, in a bal- 
anced population, a higher mortality-rate 
is an inevitable result of a higher repro- 
ductive rate.. The types of danger to 
which Swiss and British Starlings are 
respectively subjected are a purely second- 
ary consideration. 


CONCLUSION 


The data in this paper suggest that, as 
brood-size increases, the mortality among 
the young also increases, in such a way 
that the commonest brood-size found in 
nature is also the size with optimum pro- 
ductivity. This result appears to hold 
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under the differing seasonal conditions of 
first and late broods, and the differing re- 
gional conditions of Switzerland, Holland 
and Britain. The facts therefore support 
the view that clutch-size is determined by 
natural selection acting through the sur- 
vival of the young. 

However, while the position may be re- 
garded as satisfactory thus far, many 
difficulties remain. The most important 
gap in knowledge, and one that will be 
difficult to fill, is the way in which clutch- 
size is inherited. Knowledge of this is 
essential before a really adequate formu- 
lation can be achieved. Another diffi- 
culty in the present analysis is the per- 
sistence of many clutches of 4 in early 
layings of the Swiss Starling. The sur- 
vival of individual young from broods 
of 4 appears to be no better than the sur- 
vival of individual young from broods of 
5; hence the productivity from broods of 
4 is lower than that from broods of 5 (see 
table 6). This being so, one would ex- 
pect the tendency to lay clutches of 4 to be 
eliminated by natural selection, whereas in 
fact it is common. One possibility that 
may be kept in mind its that it may be ad- 
vantageous to have a somewhat variable 
clutch-size, particularly as feeding con- 
ditions are not identical from one year 
to another. 

Finally it should be noted that the Star- 
ling was selected for this first paper be- 
cause the results are clear-cut. This 1s 
attributable to the possibility that, in this 
species, the only important non-heredi- 
tary modifications in clutch-size are 
largely sorted out by date of laying. The 
survival data for other species, treated in 
later papers, are not so clear-cut. The 
present data should also be compared with 
those already published for the Alpine 
Swift (Apus melba), in which the basic 
problem is the same, and a parallel answer 
has been obtained. The details, however, 
are very different, as in Swifts under- 
nourishment of the nestling causes death 
in the nest, instead of afterwards (Lack 
and Arn, 1947). 
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SUMMARY 


1. In the European Starling (Sturnus 
vulgaris) the clutch varies from © 1-10 
eggs. The average size of clutch and brood 
is smaller in late than early broods, and 
smaller in England than in Switzerland 
(tables 1 and 2). 

2. Each nestling is fed less often in a 
brood of large than one of small size 
(table 3), and the few data on nestling 
weights support this view (table 5) 

3. The percentage of eggs which pro- 
duce fledged young is closely similar for 
broods of all the ordinary sizes found in 
nature (table 4). 

4+. Among Starlings which survive at 
least three months after leaving the nest, 
the recovery-rate is lower for young from 
broods of above average size than it 1s 
1 from 


broods ot s1ze 


for young average 
or smaller (tables 6. 8 and 10). Corre- 


spondingly, for Starlings dying within 
two months of leaving the nest, the re- 
covery rate is higher for young from broods 
above average size than for young trom 
broods of and 9). 
These differences hold for both early and 
late broods, and for Switzerland, Britain, 
and Holland. 


smaller size (tables 7 


In only two cases are the 
ditferences statistically significant, but all 
of the seven possible analyses give con 
cordant answers. 

5..-These results imply that, in the first 
two months after leaving the nest, the 
mortality-rate is higher among the young 
from broods of large than small size. As 
a result, broods with one or two more 
young than the average give rise to about 
the same number of descendants as broods 
of average size, 1.e., broods of these sizes 
are about equally efficient. 

6. The 
clutches, 


smaller size of late than first 


British than 
) ‘hes. isc lered be adv: asnen 
clutches, 1s considered to be advantageous, 


and of Swiss 
since in each case the mortality-rate rises 
as soon as brood-size exceeds the com- 
monest size found in nature. 

7. Annual differences in average clutch 
size are small (table 11). Had there been 
extensive non-genetic modifications, the 
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Starlings Based on 


apparent rise in mortality-rate with brood 
size would have been obscured. 

8. Each individual tends to lay a clutch 
of similar (but not necessarily identical ) 
size in different years (Appendix |). 

Y. ‘Two individuals from the same brood 
are recovered rather more frequently than 
would be expected by chance (table 12). 



























10. Swiss Starlings appear to have a 
higher average annual mortality-rate than 
sritish Starlings (table 13). This is an 
inevitable consequence of the higher re- 
productive rate of the former. 
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\PPENDIX I. Successive layings of same female in different years 


(H. N. Klutjver) 


script. 
\. In three successive years 
1932 1933 
(1) 6 6 
(11) 6 6 
(111) 6 6 
(iv) 6 7 
(v) 6 7 
(v1) 7 7 


B. In two successive years 





1934 Layings of No. of cases 

6 3 and 6 1 
6 4 and 5 2 
6 4 and 6 2 
6 Sand 5 3 
7 5 and 6 5 
8 6 and 6 10 

6 and 7 l 


Notes: (i) Late layings, and layings known to be due to first-year birds have been omitted, but 
some of the latter may have been included inadvertently. 


(ii) In Part B, the smaller laying did not necessarily come in the earlier of the two years. 
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APPENDIX I]. ANNUAL DIFFERENCES IN SURVIVAL 


An analysis of survival-rates in each year separately did not yield results of interest. However, 
as this point is important in other species, the data are set out below for May broods in Switzerland 
for those years with a large number of recoveries. For other years in Switzerland, for all late broods, 
and for all British data, the recoveries were too few for this to be worth while. 


Annual differences for May broods in Switzerland 


No. of young banded in No. of young recovered in 
Brood-size ~ — — — - — ne — -— 
1933 1934 1935 1936 1937 1933 1934 | 1935 1936 1937 
1 9 6 10 & 7 
2 52 28 62 36 44 | l I 
3 153 171 183 147 174 1 7 3 l 3 
4 460 500 644 496 548 11 8 | 15 14 8 
5 820 695 1240 645 795 24 21 30 13 8 
6 432 324 534 258 444 9 6 5 7 4 
7 49 98 112 63 77 1 l l ! 1 
8-10 8 16 49 27 8 - l 


Total 1983 1838 2834 1680 2097 47 44 54 36 26 
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INTRODUCTION 


One of the differences between plants 
and animals, it is often stated, is the fre- 
quency of interspecific hybridism among 
plants, or its extreme rarity among ani- 
mals. Such hybridism among animals 
has either been found in the zones where 
two allopatric forms meet, or else it has 
produced only occasional crosses between 
sympatric species. Familiar examples of 
the first class are furnished by the Amer- 
ican flickers (Colaptes auratus and cafer) 
and the crows of Europe (Corvus corone 
and cornix). The second class 1s 1il- 
lustrated by the hybrids among ducks and 
birds of paradise, to mention only two 
groups. 

Hybrid resulting from the 
breakdown of isolating mechanisms be- 


“swarms” 


tween sympatric species are rare among 
animals, though known in the genera 
Bufo and Colias. Among plants, where 
such occurrences appear to be much more 
frequent, the hybrids may plainly affect 
the appearance of one or both parental 
species by backcrossing. 


Such penetra- 
tion of genes from one species into an- 
other, without either losing its identity, 
has been called “introgressive hybridiza- 
tion” by Edgar Anderson. A summary 
of known cases among plants has been 
prepared by Heiser (in press). The 
present paper is devoted to a discussion 
of several cases of introgressive hybridi- 
zation between sympatric species of a 
genus of birds. 


THe GeENus Terpsiphone 
The paradise flycatchers, composing 
the genus Terpsiphone, are now referred 
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to about eleven species, which are dis- 
tributed all the way from the western 
and southern extremities of Africa to Ja- 
pan, the Philippines, and the Lesser 
Sunda Islands (Flores and Sumba). 
They are often crested, and adult males 
frequently grow two long median tail- 
quills, but certain species and races do 
not share those characters. Conspicuous 
polymorphism is exhibited by the adult 
males of Terpsiphone paradisi, viridis, and 
mutata. Some retain a rufous coloration 
on the back, rather like that of females, 
while others acquire white backs, and the 
tail then usually becomes mainly white. 
But in some cases the back becomes black, 
with or without a corresponding change of 
tail-color. The rufous males of some races 
of T. paradisit have glossy black throats, 
of others the males remain gray-throated. 
Rufous males of 7. mutata are reddish 
on throat and breast, but have white on 
wing-coverts, and may grow white median 
rectrices. 7. viridis over a large part 
of its range has no white on back, wing- 
coverts, or tail; but in the remaining re- 
gions it usually shows some white on the 
wing, and over much of the same area 
white-backed males are frequent. Mixed 
coloration on the back, rufous-and-white, 
rufous-and-gray, or even black, is fre- 
quently seen in parts of tropical Africa. 

Thus the adult males in some popula- 
tions of paradist have two color phases, 
one of which is rare or lacking in certain 
regions ; those of mutata on the island of 
Madagascar have been said to exhibit 
four; and those of viridis in some parts 
of equatorial Africa are so variable that 
one is a little puzzled as to whether there 
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four, or even more distinct 
types of plumage. 

The geographic distribution of these 
color phases may help somewhat in the 
recognition of subspecies; fortunately 
there are usually other differences in size, 
proportions, and pigmentation. The group 
of species with crests and tails well de- 
veloped includes mutata, corvina, viridis, 
atrochalybeia, paradisi, and atrocaudata. 
The forms which have the males most 
consistently black are apt to be found on 
oceanic islands. 


are three, or 


The species in which the 
tail-feathers are least apt to be prolonged 
are 7. (Mascarene Is- 
lands), 7. cyanescens (Palawan), T. cin- 
namomea (Luzon and other islands in the 
Philippines), and T. rufiventer (tropical 
Africa). Terpsiphone 
equatorial Africa has 
elengated rectrices. 


bourbonnenstis 


rufocinerea of 
without 


race 
Among these 


one 


five 


Fic. 1. 


Three species ¢ of 


species the crest is fairly well marked only 
in bourbonnensis and cyanescens; it is 
reduced or wanting in the others. 

Except in tropical Africa there seem 
never to be two species breeding in the 
same area, although the paradise flycatch- 
ers of China and Japan migrate southward 
in the autumn and invade the homes of 
other forms. In the forested regions of 
Upper and Lower Guinea, however, two 
and often three species occupy the same 
area throughout the year. This provides 
an opportunity for hybridism that is lack- 
ing elsewhere. 


The accepted number of African species 
has been greatly reduced in recent years. 


In 1903 Reichenow listed eleven from that 
continent; in 1930 Sclater still admitted 
1924 Stresemann had al- 
ready brought the figure down to three, 
although for a short time afterward he was 


eight. But in 


Terpsiphone living together in 
the forest area of the northeastern Congo: 1, T. 
ignea; 2, T. rufocinerea batesi; 
the upper row are the adult males; 


rufiventer 
3, T. viridis speciosa. In 
in the lower, females. 


On these and the following sketches the dotted areas are 
rufous, and parallel shading indicates gray. 















































not sure there might not be a_ fourth, 
plumbeiceps. Then it became clear that 
plumbeiceps was only a race of T. viridis, 
and that it migrated during the dry season 
into equatorial regions where the resi- 
dent population belonged to other races. 
In my opinion, most of Stresemann’s con- 
clusions are well supported by the field 
studies that have been carried out since 
1924, except with regard to hybridism. 


GEOGRAPHIC VARIATION AND POLy- 
MORPHISM IN CONTINENTAL 
AFRICA 
When I began collecting paradise fly- 
catchers in the Ituri Forest, in the north- 
eastern Belgian Congo, in 1909, it was 
clear that I was dealing there with three 
quite distinct species (fig. 1). Terpsi- 
phone viridis, with well-developed crest 
in both sexes, black-and-gray underparts 
and elongated median rectrices in all adult 
males, was common amid trees in clearings 
and second-growth woods, but not to be 
seen in primary forest. The untouched 
forest held two other species: one with 
gray underparts, rufous under tail-coverts, 
no long tail-quills, and the crest only 
slightly developed (7. rufocinerea) ; the 
other with breast rufous, but throat black 
or gray, little lengthening of median 
rectrices, and no crest (7. rufiventer). 

So far as I could see, the species rufo- 
cinerea and rufiventer in the Ituri hved 
in exactly the same places and in the same 
fashion, moving actively about in_ the 
rather open undergrowth. Both seemed 
to join frequently in the mixed parties of 
small insectivorous birds that are so char- 
acteristic. Their call-notes seemed alike, 
nor did these differ appreciably from the 
call of 7. viridis. 

The two species of the deep forest, about 
Avakubi and Medje, showed no_ poly- 
morphic plumages. Adult males of Terp- 
siphone viridis in the central Ituri were 
usually rufous on the back, with consider- 
able white on the wings, and with two long 
white rectrices. But white-backed males 
of viridis are not rare in many forested 
parts of the Upper Congo; and some 
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Fic. 2, The four principal color phases of 
Terpsiphone viridis speciosa found in the forest 
area of the Upper Congo: A, rufous-backed 
with white on wings; B, gray-backed with white 
on wings; C, black-backed; and D, white- 
backed. Rufous coloration is indicated by 
dotted pattern. 


adults of that sex become almost wholly 
black on the back, with the long rectrices 
mainly black. Thus one might say that 
there are four color phases (fig. 2), 
though the distinction between rufous- 
backed and black-backed birds is not very 
sharp. Males in which there is an admix- 
ture of gray or black to the rufous of the 
back may tend to bridge the gap. Gray- 
backed males also occur. Females are all 
alike, rufous-backed, without white on 
wings or tail. 

If we start from this central region and 
follow the three species out toward the 
periphery of their ranges, we find their 
geographic variation quite diverse. This 
gives support to the specific status ac- 
corded to viridis, rufocinerea, and rufi- 
venter. Yet there are a few areas, as we 
shall see, where their characters seem to 
undergo perplexing recombinatioms. In 
Africa only T. viridis normally exhibits 
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color phases paralleling those of 7. mutata 
and T. paradisi. The polymorphism of the 
two latter species has been carefully stud- 
ied and described by Salomonsen (1933). 


Races oF Terpsiphone rufiventer 


This species is mainly restricted to the 
solid rain-forest areas of Upper and 
Lower Guinea, though extending out into 
smaller wooded areas in Uganda, the 
Kasai District, and supposedly in Nigeria 
and Sierra Leone. Its races differ so con- 
spicuously in color that for a long time 
they were usually thought to belong to 
three distinct species; and it is to be 
noted that few physical barriers can be 
found to explain the subspecific variation. 
Only at the western and eastern ends of 
the range do crown-feathers and median 
rectrices undergo any marked lengthening 
(fig. 3). The subspecies commonly rec- 
ognized at present are: 


1 T. rufiventer rufiventer Swainson. Gambia 
and Portuguese Guinea. Largely rufous, with 
black head well crested, some white on wing- 
coverts, median rectrices long and rufous. 

ae rufiventer nigriceps Hartlaub. Sierra 
Leone to Gold Coast. Largely rufous, head 
black without crest, no white on wing, median 
rectrices not greatly lengthened. 

3. T. rufiventer fagani Bannerman. Southern 
Nigeria. Like nigriceps, but browner, especially 
on back 

4. T. rufiventer tricolor Fraser. Fernando 
Po. Bluish gray on back, wings, and tail; head 
black without crest; throat black or gray, 
breast rufous; tail-feathers not lengthened 


5. T. rufiventer neumanni Stresemann. Niger 
Delta, Cameroon, and Gaboon. Like tricolor in 
color, slightly smaller. 


6. T. rufiventer smithii Fraser. Island of 
Annobon in the Gulf of Guinea. Rufous with 
black head, not crested, remiges and rectrices 
bordered with gray 

7. T. rufiventer mayombe Chapin. French 
Congo and Mayombe to Eala on the middle 
Congo River. Very like smithii, but perhaps 
deeper rufous on body and more bluish gray on 
wings and tail 

8. T. rufiventer schubotsi Reichenow. From 
Yokadouma in the Cameroon to Bangui on the 
Ubangi River. Like mayombe, but head gray, 
in both sexes, never becoming black in males. 

| a rufiventer bedfordi Ogilvie-Grant 
Northeastern I[turi Forest. Entirely bluish gray 
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except on head, which is blackish, without crest. 
Rectrices little lengthened. 

10. 7. rufiventer ignea Reichenow. Northern 
edge of Angola to the Upper Congo and Ituri. 
Like mayombe, but duller and browner on 
remiges and rectrices. Head of adults becomes 
black, but never crested. 

ll. T. rufiventer somereni, new subspe- 
cies. 

This race is rather similar to ignea, but dif- 
fers by the more reddish, less brownish color 
of all its retrices and its inner secondaries. 
Krom emini it differs in lacking any crest, hav- 
ing the black area on throat less extensive, the 
body-color lighter rufous, and the median 
rectrices of males seldom prolonged more than 
35 mm. Thirty specimens have been examined. 

Type: Am. Mus. Nat. Hist. No. 652,518, ¢ 
adult, Budongo Forest, Uganda, June 14, 1919, 
collected by V. G. L. van Someren. Wing 78 
mm.; median tail-quills 116, next-longest 8&3; 
culmen to base 19. 

Range: Bugoma and Budongo forests in 
Bunyoro Province of Uganda, southeastward to 
those in Kyagwe. 

It must also be noted that somereni bears a 
marked resemblance to wnigriceps of Upper 
Guinea, though its body-color is normally not 
quite so deep rufous. This difference is par- 
ticularly well marked in the more easterly part 
of the range of somereni, near the Sezibwa 
River and the Mabira Forest. 

12. T. rufiventer emini Reichenow. Uganda 
(except north), lower Kagera Valley, Kavi- 
rondo District. Typically rufous, with crested 
head black, tail rufous, its median quills usually 
prolonged in males. 


Races oF Terpsiphone rufocinerea 


Mainly confined to forest regions in 
Lower Guinea, this species looks more 
like T. viridis than T. rufiventer. It 1s 
not polymorphic and its races do not show 
any great diversity in color. 


1. 7. rufocinerea rufocinerea Cabanis. Lower 
Congo, Gaboon, and western Cameroon. Head 
of male blackish, without marked crest; back, 
wings and tail rufous; median rectrices of males 
usually rather long. 

2. T. rufocinerea batesi Chapin. Interior ot 
the Cameroon eastward to the I[turi District. 
Head gray, crest short, colors lighter than 
nominate race, and tail not lengthened. 

3. T. rufocinerea bannermani Chapin. More 
wooded parts of northwestern Angola. Grayer 
about head and breast than the nominate form, 
but with lengthened rectrices in adult males; 
crest slightly developed (fig. 4) 
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Fic. 4. 
(A-D) 
ri 
mant ot northwestern Angola; E, 7 
of Lower Congo; G, T. wv. sp 
(rutous-backed phase ). 


and 7. wiridis (E-G) \, 


Races oF Terpsiphone viridis 
The exact number of subspecies to be 


recognized in this group is still a matter 


lor debate, largely because of polymorph- 
>). A 


is as follows ; 


ism over large areas (Fig. fair 


appraisal at the present time 


l. 7. viridis viridis P. Muller. Lower Sene- 
gal eastward perhaps to Nigeria. In birds from 


Senegal the breast 1s very glossy black, unde 


tail-coverts rufous, wing with considerable 


Diagram to explain hybridism between 
r. 


rufocinerea of coastal area from Cameroon to Congo: 


Terpsiphone rufocinerea 
r. batesi of Upper Congo; B and C, 
m2. 
plumbeiceps; F, T. v. ““melampyra” 


hbanner- 


of Cameroon, Gaboon, and Upper Congo 


but white-backed males are unknown 
there. The white-backed 
the upper Niger River and in southern Nigeria. 

) i 
\rabia, 


westward 


white ; 
phase appears neat 

Southwestern 
and Abyssinia, 
Lake Chad 
Bahr-el-Ghazal, 


ferreti Guerin. 
Somaliland, 
the Sudan to 
beyond, southward to the 
Uganda, and the East Coast near Tanga. 
W hite-backed in 
\rabia 


usually 


viridis 
Eritrea, 


across or 


males are lacking or rare 


\byssinia, but elsewhere 
the they 


northern 
On 


and 


common, eastern Coast 


predominate 
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3. T. viridis speciosa Cassin. Cameroon, 
Gaboon, forested area of Upper Congo and 
Kasai; eastern limit in Semliki Valley and 
Manyema District. Males usually assume long 
white median rectrices, but outer tail-feathers 
generally remain blackish, and whole tail may 
be mostly black. Their backs may be rufous, 
rufous-and-gray, gray, white, or black. 

4. T. viridis suahelica Reichenow. Highlands 
of Eastern Africa from Kikuyu and Mau to 
Kilimanjaro. Males have only a rufous phase, 
but normally assume some white on wing- 
coverts, none on tail. 

5. T. viridis restricta Salomonsen. Islands 
in Lake Victoria, especially the Sesse Islands 
and Nkose. Very black on breast, with rufous 
under tail-coverts; like 7. v. viridis, but long 
median rectrices often white. 

6. T. viridis ruwensoriae Grant and Mack- 
worth-Praed. From southwestern Uganda and 
eastern edge of the Upper Congo Forest east- 
ward to northwest Tanganyika Territory. No 
white on back, wings or tail; head rather black 
and glossy; under tail-coverts rufous. 

7. T. viridis ungujaensis Grant and Mack- 
worth-Praed. Usambara highlands, Zanzibar 
Island, and adjacent coastal area of Tanganyika 
Territory. Like ruwensoriae but belly and 
under tail-coverts whitish. 

8. T. viridis perspicillata Swainson. South- 
eastern Transvaal and Zululand to Cape Prov- 
ince. Like ungujaensis in color, but. slightly 
larger. 

9, T. viridis violacea Grant and Mackworth- 
Praed. Nyasaland and perhaps some adjacent 
regions in Tanganyika Territory and the south- 
eastern Congo. Intermediate in color between 
ungujaensis and plumbeiceps; i.e., close to 
plumbeiceps but a little more blackish and 
glossy on crown. (May migrate northward in 
off-season to Lake Albert and the East Coast 
near Mombasa. ) 

10. T. viridis plumbeiceps Reichenow. Breed- 
ing from Southwest Africa and Angola to the 
Katanga; migrates northward in off-season to 
the forested Cameroon and Uelle District of 
northeastern Congo. It has frequently been 
found in the range of 7. wv. speciosa, mainly 
from April to October, but has never been 
known to nest there. 


INTERSPECIFIC HYBRIDISM IN AFRICA 


It goes almost without saying that along 
the boundaries between the various races 
of each species, certain individuals are 
found that show signs of intergradation 
or interbreeding between the races. In 
some cases the transition zone, as_ be- 
tween Terpsiphone rufiventer bedfordi 


and T. rufiventer ignea, may be surpris- 
ingly narrow. 

Much more remarkable is the fact that 
in three quite separate parts of tropical 
Africa there are considerable populations 
of Terpsiphone which offer every evi- 
dence of having arisen by hybridization 
between two of the three species already 
discussed. The outstanding characters 
which usually distinguish these species 
are : 


(1) the length of the crown-feathers 
(whether or not they form a well-marked 
crest ) ; 

(2) prolongation of the median pair 
of rectrices in adult males (or lack of any 
appreciable lengthening ) ; 

(3) color of breast and flanks (whether 
blackish, gray, or rufous) ; 

(4) sharply marked color change be- 
tween throat and chest (or a gradual 
transition from black or gray throat to 
gray breast) ; and 

(5) the presence or absence of a white- 
backed phase among adult males. 


In a few cases certain of these features 
may seem to vary geographically within 
3ut when, within a relatively 
short distance, we find not only two 
plainly distinct species, but also numerous 
examples exhibiting intergradations be- 
tween them, or a recombination of some 
of the differential characters listed above, 
then I feel that we are confronted with 
true hybrids. 


a species. 


It seems best to take up first a very sim- 
ple case, an exceptional hybrid between 
the two species living in heavy forest, 
and then to go on to the cases of hybrid 
populations in border regions of the 
Guinean forests. 


(1) Terpsiphone rufiventer X rufocinerea 


Although these two species are so com- 
monly associated in the heavy forests of 
the Cameroon, Gaboon, and Congo, hy- 
bridization between them is all but un- 
known. Yet I can cite one indisputable 
case. An adult male Terpsiphone, col- 
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lected for the Carnegie Museum by J. A. 
Reis, Jr., in September 1924 at Ntulen, 
between Sakbayeme and Yaunde, Came- 
roon, puzzled me for years. I could not 
decide whether to refer it to 7. rufiventer 
or to T. rufocinerea. Although found 
within the range of T. rufiventer neu- 
manni, it had a rufous, not a gray back. 
Its head was gray, suggesting 7. 
cinerea batesi, yet it had wings and tail 


rufo- 
much more like those of JT. rufiventer 
schubotzsi and mayombe, the outer edges 
of the primaries and the distal parts of 
the rectrices bluish gray. The gray of 
the throat continued down the 
chest, but then turned rapidly to whitish, 
lightly 
breast, 

This 


7 " r id 1s ’ 


was on 
washed with rufous-butf on lower 
abdomen, and flanks. 

bird resemblance 
its feathers and 
rectrices are no more elongated than those 
of T. 


regard as one ot 


to 7. 


median 


has no 


crown 
rufocinerea batesi, which I should 
the parents. The color 
of wings and tail convinced me of its 
rufiventer heritage, as well; and if the 
back the gray 
manni, we may conclude that the genes 
which produce the red back-color in rufe- 


no trace of of neu- 


las 


cinerea have somehow been dominant over 


the gray color seen in neumanni. 

Much more difficult to explain is the 
whitish color of the posterior under sur- 
face, and on that subject I have nothing 
to suggest. At Boma on the lower Congo 
River I once shot an immature example of 
T. r. rufocinerea with whitish breast, but 
can think of no good reason for such ex 
ceptional coloration. 
burnt is likewise only an immature bed- 


The type of T. cam- 


fordt with whitish breast. 


) 


a) 


viridis 

Angola, at Ndala 
Tando, Canhoca, and Ngara near Novo 
Redondo, one finds what appears to be a 


population resembling 7. r. 


Terpsiphone rufocinerca 


In northwestern 


rufocinerea 
in color pattern, even to the rufous under 
tail-coverts, but notably lighter, especially 
on head and throat. In this respect they 
seem intermediate between nominate ruw- 
and 7 pluimbeiceps 


focinerea VIridals 
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David Bannerman (1936) called attention 
to these paler examples of rufocinerea 
from Ndala Tando, and in the few skins 
[ have had for examination I find that the 
crest-feathers are intermediate in length 
between those of 7. r. rufocinerea and 
those of the relatively long-crested T. v. 
plumbeiceps. It has seemed best to dis- 
tinguish this population as Terpsiphone 
rufocinerea bannermani, even though its 
characters are due to hybridism (fig. 4). 

Undoubted specimens of plumbeiceps 
have also been collected at many localities 
in that same section of Angola; and it 
seems probable that both forms breed 
there, the more deeply colored birds with 
bright rufous under tail coverts being re- 
stricted to the areas that are most heavily 
The range of plumbeiceps ex- 
tends far to the southward, and this race 
is known to have a regular migration 


wooded. 


which extends in the off-season north to 
Inasmuch as 
T. v. plumbeiceps never has any white on 
back, wings, or tail, and both the supposed 
parent forms have no sharp change of 


the forest of the Cameroon. 


color between throat and chest, it seems 
natural for their mixed offspring to be 
If we did 
not know that in the Cameroon-Congo 
forests T. 


rather uniform in coloration. 


viridis and rufocinerea behave 
as valid species, we should be inclined to 
treat 7. r. bannermani as conspecific with 
plumbeiceps, and to regard these birds of 
wooded localities in northwestern Angola 
as mere intergrades between geographic 


Traces. 


(3) Terpsiphone viridis * rufiventer, in 

West Africa 

\nother region in which a population 
seems to have developed from interbreed 
ing, this time of T. viridis with the species 
rufiventer, is that of the Gambia River and 
The this 
combination I have treated as the nomi- 


Portuguese Guinea. result of 
nate race of a species, because it was from 
a member of this population that rufiventer 
was described by Swainson in 1837, be- 
fore most of its near relatives were known 


n > 
(hg. 3) 
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Nearly all the other geographic repre- 
sentatives of T. rufiventer have no greatly 
lengthened rectrices, and no white on the 
wing. They range from Sierra Leone to 
Uganda. Nominate rufiventer is excep- 
tional in having a well-developed crest, as 
well as lengthened middle tail-feathers and 
a variable amount of white on the wings of 
adult males. These are features found 
frequently in 7. viridis. But the throat of 
T. r. rufiventer is black, the breast rufous, 
whereas in T. v. viridis both throat and 
breast are blackish. Here we have an un- 
usual combination of characters. 

To me it seems evident that such a com- 
bination would naturally result if 7. v. 
viridis of Senegal were crossed with a 
bird like T. rufiventer nigriceps of Sierra 
Leone. The two supposed parent forms 
can still be found near each other in 
Sierra Leone, and possibly in French 
Guinea. Specimens of 7. r. rufiventer are 
not numerous in museums. Here in the 
United States | have located but two, in 
the Museum of Comparative Zoology. 
The British Museum is reported to have 
about thirteen, and these have been ex- 
amined for me by my friends Bannerman 
and Moreau. They find some variation 
in the amount of white on the wing; and 
while the black of the throat is usually 
cut off sharply from the rufous chest, 
there are a few skins where the black ex- 
tends to the middle of the chest, or where 
the rufous chest-feathers are margined 
distally with black. After examining a 
smaller series in Berlin, Stresemann (in 
litt.) now agrees that hybridization is the 
best explanation. 

These variants offer convincing proof 
of the hybrid origin of rufiventer. The 
question that immediately arises con- 
cerns Sierra Leone. Both parent forms 
are found there, but why no hybrids? 
[t would seem that the more heavily 
wooded a country is, the less likely this 
process of hybridization. Observations 
on breeding pairs in Portuguese Guinea 
would be most desirable. 


(4) Terpsiphone viridis * rufiventer, in 
Uganda 


A second area where similar inter- 
breeding between the same two species, 
though represented by other races, must 
have occurred lies in the region of Lake 
Victoria, from Bukoba on its western 
shore around to Entebbe and Mabira on 
the north, and even to the North Kavi- 
rondo District in the east. The vari- 
ability of paradise flycatchers in that re- 
gion is celebrated in ornithological litera- 
ture (fig. 5). 

We may begin by discussing the prob- 
able parent stocks. In the greater part 
of Uganda, Terpsiphone viridis ferreti is 
common. The males exhibit two color 
phases, one with rufous back and some 
white on the wings, the other with white 
back, wing-coverts, and tail. In south- 
western Uganda all white on wings or 
tail is lost, and the resident race is 7. v. 
ruwensoriac, with no white-backed phase. 
The Sesse Islands race, 7. v. restricta, has 
little or no importance in this connection. 

The representative-of T. rufiventer in 
the Bugoma, Budongo, and Mabira forests 
is T. r. somereni, a rufous bird with blue- 
black head, differing from ignea of the 
eastern Congo Forest by having wings 
and tail more reddish. The tail usually 
shows little elongation of its median quills. 
Such birds are restricted to the denser 
woodlands. 

In addition to these two well-marked 
species we find birds in Uganda which 
have long puzzled ornithologists. Now it 
becomes evident that they are the product 
of hybridization between T. viridis and 
T. rufiventer. Foremost among them is 
the form described by Reichenow in 1893 
as Terpsiphone emini from Bukoba. It 
has often been considered a valid species ; 
the crest is well developed, head and 
throat are glossy black, the breast rufous. 
Wings and tail are rufous, median rec- 
trices well lengthened. In some ways 
emini is like T. r. rufiventer, and rarely 
has it a trace of white on the wing. This 
last character may be explained by the 
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fact that in southwestern Uganda T. viri- 
dis is represented by the race ruwenzoriac, 
with no white on wings or tail. Indeed if 
one tries to imagine the result of crossing 
T. v. ruwenzoriae with T. rufiventer some- 
rent, it must be a bird very like emuint. 

Here and there, to the west and north of 
Lake Victoria, other paradise flycatchers 
have been found of still different appear- 
ance. When Reichenow in 1916 described 
T. poliothorax from Bukoba, he remarked 
that this bird might prove to be a hybrid 
between emint, which he still thought a 
distinct species, and 7. viridis. The type 
of poliothorax was rufous on the abdomen 
and flanks, gray on the middle of the 
breast, and the gray shaded gradually into 
the black of the throat. Other specimens 
of ‘“poliothorax”’ coloration have since 
been obtained along the northern side of 
Lake Victoria, but it is clear that they 
do not constitute a population, much less 
a species. 

A limited number of males, still more 
remarkable in color, have been secured at 
localities extending from Kakamega on 
the east to Budongo on the west. These 
have the head and throat glossy black, a 
moderate crest, rufous backs, breast and 
abdomen largely white. Such birds, no 
doubt, prompted van Someren (1922) to 
say that “undoubted hybrids between 7. 
emunt and ferret? occur!’ Yet thus far 
almost everyone continued to regard cminti 


TABLE 1. Observed frequency of vartous forms 


as a species. In 1925 Stoneham described 
one of these white-breasted males from 
Bombo, Uganda, as Tchitrea albiventris, 
plainly not a valid species. In 1924 
Stresemann had already discussed such 
white-breasted individuals as the ‘“‘albi- 
venter-variant’’ of emint, which he listed 
among the races of 7. rufiventer. Sclater 
in 1930 admitted that poliothorax might 
be a hybrid, and listed emini as a race of 
T. nigriceps. Van Someren in 1932 again 
insisted that emit undoubtedly crosses 
with wiridis, and concluded that ‘‘albi- 
ventris” was one of the hybrids. 

With regard to hybridism in Uganda, | 
am satisfied that van Someren was amply 
justified in his conclusions; but he did 
not go far enough, for emuini itself is very 
plainly a hybrid population or race. Since 
it has, in the main, the color-pattern of the 
rufiventer group, we shall do well to fol- 
low Stresemann in treating it as a sub- 
species of T. rufiventer. Yet as more ma- 
terial becomes available, emini is clearly 
connected with 7. viridis ferreti and sua- 
helica by a whole chain of intermediates 
the hybrids to which van Someren pointed. 
The actual composition of some of the hy- 
brid populations is recorded in table 1. 


A geographical tabulation of specimens of 
Terpsiphone examined during the preparation 
of this paper, with the addition of the published 
figures for “poltothorax and “albiventris” ac- 
companying the original descriptions of those 


f Terpsiphone in four areas in and near Uganda 


Budongo-Bugoma E-ntebbe-Mabira Bukoba-Kagera North Kavirondo 
area area area area 
Tl. rufiventer somerent | 99°,79,6 ve 30°, 79,3 vg 0) 0 
“emini”’ 0) 2 19,1 vg 20°, 2 vg 20 
‘pboliothorax”’ | 1 veg 2 1 ve 20°, 19 20" 
(type series) 
‘“albiventer”’ | lo 1o” (type of l vg lo 
| albiventris) 

I’. viridis ferrett 73° w-b | 5o° w-b 0) 4. w-b 

6. r-b 20 r-b 

2 vg 29,2 yg 
I’. viridis ruwenzoriae 0 0) 1a’, 22,4 ve 0 


VOU 





¢ = young. w-b = white-backed. r-b = rufous-backed. 










































































































































































































forms. I wish to thank Dr. V. G. L. van 
Someren for the loan of eight 
cluded in this table. 

It will be noted that in the Budongo-Bugoma 
area, nearest the Congo, 7. rufiventer somereni 
and 7. viridis ferreti are both numerous, and 
hybrids rare. In the Entebbe-Mabira area both 
parent species are still common, but the hybrids 
more numerous. The Bukoba-Kagera area 
(southernmost) and the North Kavirondo area 
(the easternmost) both lack the, rufiventer 
parent, though three kinds of hybrids have been 
collected in Minor peculiarities of the 
hybrid specimens have necessarily been ignored 
in the tabulation. In the Bukoba-Kagera area 
I’. viridis is represented by the race ruwensoriae, 
in other areas by ferret. 


specimens in- 


each. 


Why the underparts should become 
white in a small proportion of the hybrids 
in the Uganda region is difficult to say. 
But it is to be noted that most or all such 
specimens have been taken in localities 
where white-backed males of 7. 
ferreti are common. 


viridis 


ECOLOGICAL INTERPRETATION 


Most students of Terpsiphone thus far 
have invoked polymorphism, rather than 
hybridism, to explain all the complex var- 
lants that are so familiar in tropical Africa. 
Stresemann (1924) provided the best ar- 
rangement of African species and races; 
yet after reducing the number of species 
to.three he was unwilling to admit any 
likelihood of hybridization between those 
species, even in Uganda. 

Of the polymorphism 
there can be no doubt. The 


prevalence of 


male color 
fer- 


hases of T. v. speciosa and of T. v. 
The areas 
where such conditions prevail are broad 
and fairly well defined. 


rett are clear-cut examples. 


In the species T. 
rufiventer the plumage color shows de- 
cided uniformity in any one place, but 
the geographic races differ from one an- 
other in ways that suggest conspicuous 
mutations. The back is bluish gray in 
T. r. tricolor, T. r. neumanni, and T. r 
bedfordi, but rufous in most other races. 
Even the breast is bluish gray in bedfordi, 
so that the whole plumage lacks rufous, 
and a normal example of that form recalls 


a “melanistic” or deep gray mutant of the 
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crested 7. viridis ruwenzoriae which van 
Someren has lent me from southwestern 
Ankole. 

These color-mutations seem not to be 
correlated with the development of the 
crown-feathers, and seldom does the 
length of the median rectrices show any 
great diversity in fully adult males, ex- 
cept in certain definite areas along the 
borders of the great rain forest inhabited 
by T. rufiventer and T. rufocinerea. 
These areas of exceptional variability are 
of relatively small extent, and the vari- 
ability there exhibited is so great as vir- 
tually to bridge the gap between two of 
the species which dwell in those regions. 
One of the species seems to keep more to 
patches of forest, the other more to grass- 
lands with many trees. A treeless plain 
would not attract any Terpsiphone. 

While admitting the great tendency to 
variability of color in both wiridis and 
rufiventer, I regard interspecific hybrid- 
ism as the only sufficient explanation for 
the existence of the populations which we 
call T. r. rufiventer, T. rufiventer emim, 
and T. rufocinerea bannerman. It might 
be argued that if these are all hybrids they 
should not be dignified with subspecific 
names. They usually live in the same 
areas as some form of T. viridis, which 
| regard as one parent form, and not far 
from a_ different, forest-dwelling form 
which I take to be the other parent stock 
But the forest-dwelling parent, in each 
instance, seems to be on the decline. 

[Let us examine the conditions now pre- 
vailing in Uganda. I see no valid reason 
why mutation alone should provide more 
extreme variations there than in any 
neighboring part of the Belgian Congo. 
In the years to come I expect that a study 
of mated pairs in life will shed much ad 
ditional light on the question. This should 
not be over-difficult, especially 1f the nest 
can be located, for the male is known to 
share in the duties of incubation. I ven- 
ture to predict that mixed pairs will be 
found, especially near the edges of forest 
patches like those of Mabira. It 


will be 
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particularly interesting to see what types 
of females mate with the white breasted 
“albiventer.”’ 

After I brought this question to the 
attention of Captain C. R. S. Pitman in 
Uganda, he replied that during 1944-46 
his garden in Kampala had been visited 
occasionally by a male bird of “viridis” 
type and a female of “‘emini’” coloration. 
He did not find them nesting, nor could 
he prove they were mates. No male of 
emint was ever seen there, so the prob- 
ability of their being a mixed pair seems 
very great. 

The vegetational nature of the territory 
of each pair may well be important. From 
all I can learn from the labels of Uganda 
specimens, it seems that birds of somerent 
type are mainly restricted to the patches 
of heavy forest, from Bugoma and Bu- 
dongo to Mabira. On the other hand, 
Terpsiphone r. emint seems to be con- 
tent with smaller bits of woodland near the 
lake shore, and sometimes to frequent 
more open groves of trees. Birds of the 
“poliothorax” and “albiventer” coloration 
appear to occur in the sort of places that 
would suit both emin: and T. viridis fer- 
retit. In all the more open savannas, pro- 
vided there are a fair number of large 
leafy trees, one certainly finds 7. v. fer- 
rett or T. v. ruwenzoriac. These repre- 
sentatives of viridis may be expected also 
to haunt the fringes of woods and to pene- 
trate at times well into forest patches, 
particularly where there has been some 
chopping by man. 

The belief is widespread and _ wel! 
founded that for centuries the rain-forest 
area of Africa has been shrinking, partly 
perhaps because of climatic changes, and 
to a large extent also because of human ac- 
tivities in clearing forest lands for agri- 
culture and burning whatever high grass 
grows up along the borders of forests. 
This regrettable activity goes on, of course, 
on every edge of the equatorial forest belt, 
from Kavirondo and Uganda to Sierra 
Leone and French Guinea. 

We have seen how the various races of 
Terpsiphone rufiventer with short crown- 


feathers and relatively short tails keep as 
much as possible in the shade of primary 
forest. Clear a few acres in the depths of 
the Ituri Forest in the Congo, and you 
will never see one example of T. r. ignea 
come out from the surrounding woods. 
But as shade trees and bushes grow up 
about your abode, T. viridis speciosa will 
make its appearance. In that country the 
true forest birds have no difficulty in 
avoiding the unwonted sunlight of your 
clearing. 

At the eastern and western ends of 
the forest belt, however, conditions are 
very different. The forest has been 
broken up into isolated blocks. As these 
become smaller and smaller, the repre- 
sentatives of 7. rufiventer which inhabit 
them are more and more encircled by 
distasteful grasslands. Refuge becomes 
increasingly difficult to find. At the same 
time the representatives of T. viridis 
are ever more apt to invade such small 
wooded areas, to come in close contact 
with the forest-dwelling species. 

The call-notes of viridis and rufiventer 
are so similar that I never felt sure I could 
distinguish them—husky, bisyllabic, like 
“zré-zre.” The song of viridis is an agree- 
able sequence of liquid whistles, three or 
four, all of about the same pitch. While 
[ have never with certainty heard any such 
song from 7. rufiventer, Bates (1930) has 
stated that it does have one of much the 
same type. Nests and eggs of both species 
are very much alike. These are facts that 
would reduce the obstacles to hybridiza- 
tion. I firmly believe that as some of the 
forest patches in and near Uganda ap- 
proached the vanishing point, mixed pairs 
were certainly formed. 

Along most of the long northern margin 
of the Congo-Cameroon forest belt this 
does not seem to have happened. As the 
forest border was gradually moved south- 
ward, the representatives of T. rufiventer 
could easily retreat into the kind of forest 
they craved. Any clearings or second 
growth available were used by T. viridis, 
but there I have seen no evidence of hy- 
bridism. 
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On the southern side of the Congo 
Forest there is at least one region where 
conditions parallel those in Uganda. The 
long strip of Mayombe Forest extends 
southward from the Gaboon almost to the 
lower Congo River near Boma. Between 
it and the coast is a strip of savanna, and 
to the east another large area of grassland. 
South of the Congo River other less con- 
tinuous areas of woods string out into 
northwestern Angola, to Ndala Tando a 
little north of the Cuanza River, and even 
into the Amboim district, not far from 
Novo Redondo (fig. 4). 

In this region, again, the wooded areas 
appear to have broken up into smaller and 
smaller patches. Terpsiphone rufiventer 
seems scarcely to extend south of the lower 
Congo River, and in the Mayombe Forest 
it is not known to interbreed with either 
of the other species. The other forest 
species, T. rufocinerea, however, is com- 
mon in the Mayombe District, and there is 
blacker-headed and longer-tailed than in 
the Upper Congo Forest. As it extends 
southward into Angola, 1t comes to look 
more and more like 7. viridis plumbet- 
ceps, which also inhabits much the same 
region. Indeed, T. 
mant seems so nearly intermediate be- 
tween plumbeiceps and nominate rufo- 
cinerea that here again hybridism offers 
the best explanation. 

The case of Terpsiphone r. rufiventer in 
Portuguese Guinea and the Gambia is like 
that of 7. r. emint in Uganda, though sim- 
pler. One supposed parent in forested 
Upper Guinea, 7. r. nigriceps, is very like 
the race inhabiting the heaviest Uganda 
forests. gut 7. v. 


rufocinerea banner- 


viridis, which must 
have been the other parent, shows few if 
any white-backed males in_ the 
from Sierra Leone to Senegal. 


region 
Its breast 
is blacker than that of T. v. ferreti or T. v. 
ruwenzoriae. Occasional specimens of 
rufiventer from West Africa show an ex- 
tension of the black of the throat down on 
to the middle of the chest, much as gray 
runs down on the chest of “poliothorax”’ in 
Uganda. But nominate ru- 
fiventer usually have some white on the 


males of 
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wing; emit rarely shows any. In the 
origin of emini the race 7. viridis ru- 


wenzoriae, with rufous wings, would seem 
to have played an important part. 

It is certainly unusual for races of birds 
to arise by the interbreeding of valid spe- 
cies. Yet it would scarcely seem justifi- 
able to reduce the three species of the 
Congo-Cameroon forest area to one, sim- 
ply because somewhere else they can all 
be shown to intergrade. I prefer to argue 
that the three species viridis, rufocinerea, 
and rufiventer arose in the remote past 
by the usual process: isolated populations 
diverging as a result of mutation and selec- 
tion. The barriers were perhaps differ- 
ences or gaps in vegetational areas. One 
might argue that viridis is a relatively re- 
cent invader, showing greater resemblance 
to the Oriental paradisi. But such views 
are inadequate to account for races like 
rufiventer, bannermant, and emint. It 
seems much simpler to regard them as of 
recent origin, due not to isolation, but to 
the exact opposite, the breaking-up and 
destruction of forests, with interbreeding 
of species as a result. 

An instructive comparison can _ be 
drawn from another group of birds, the 
drongo shrikes of the equatorial region of 
Africa. In all the heavy forests of Lower 
Guinea lives a form of Dicrurus called 
coracinus, with velvety black back and 
shining wings. It not occupy the 
primary forest so much as it does the tall 
trees around the edges of clearings, but 


does 


it is characteristic of heavily wooded areas 
and extends to suitable spots in Uganda 
and North Kavirondo. In the savannas 
on the north, east, and south of the Came- 
roon-Congo forest lives a related bird, of 
the species D. adsimilis, with the back 
glossier, much more like the wings. To 
those who know only these two in life, 
adsimilis and coracinus certainly seem like 
well-marked species. It was customary, 
to be sure, to treat coracinus as a race of 
the somewhat larger D). modestus of Prin- 
cipe Island in the Gulf of Guinea. 

In forested Upper Guinea, from the 
Gold Coast to Sierra 


however. 


Le me, 

















































there lives another form of the genus, 
atactus, which is exactly intermediate be- 
tween coracinus and adsimilis, the latter 
bird occupying the savannas to the north. 
Careful study by Bates (1933) convinced 
him that atactus was a geographic race 
connecting coracinus of the Lower Guinea 
forest with D. adsimilis of the savannas of 
much of the African continent, so that all 
three forms must be regarded as con- 
specific. 

Why then do coracinus and adsimilis 
seem so like species in the Congo? What 
keeps them from interbreeding there and 
in Uganda? In the main it would seem 
to be merely their strong preference for 
forest or for savannas. But here and 
there around the borders of the Lower 
Guinea forest there is actually some inter- 
breeding, as Dr. Charles Vaurie has re- 
cently proved to me. He has shown me 


that specimens actually collected by me at. 


Niangara in the Uelle District and in the 
Ruzizi Valley are indistinguishable from 
atactus of Upper Guinea. Who can say 
that the whole Upper Guinea race may 
not have arisen by such crossing between 
a forest and a savanna form, at one time 
much more completely segregated ? 

The interbreeding of the sparrows, 
Passer domesticus and P. hispaniolensis, 
in the Mediterranean region—as Profes- 
sor Stresemann reminds me—constitutes 
another example of interspecific hybrifism 
in a restricted area. There, too, the ex- 
planation is ecological ( Meise, 1936). 

[ shall close with what is admittedly 
an analogy, drawn from the human in- 
habitants of Africa. The Pygmies today 
are largely restricted to the rain-forest 
area of Lower Guinea. Yet many an- 
thropologists would agree that this pygmy 
population was formerly much more wide- 
spread. It has retained its peculiarities 
by taking refuge in great areas of forest 
where the larger negroes can make their 
homes only after the heavy labor of clear- 
ing land for farms. When annoyed, the 
Pygmies withdrew farther into the forest, 
for they found their living by hunting. 
Asa rule a Pygmy man did not take a wife 
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from among the larger negroes because 
she could scarcely adapt herself to living 
a nomad life in the forest. The larger ne- 
groes did occasionally take Pygmy women 
to wife, but the offspring were apt to join 
the population of their agricultural fathers, 
and the Pygmy characteristics were soon 
greatly diluted. It was the Pygmies in 
their forest who remained so distinct. 
Near some of the borders of the Ituri 
Forest, in relatively recent times, there 
must have been considerable Pygmy-Bantu 
intermarriage. I have seen groups of so- 
called Walese who showed plainly by 
their features and their stature that they 
had a large proportion of Pygmy blood. 
Whenever Pygmies take up agriculture 
and settle in relatively permanent villages 
near the Bantu, this intermingling of 
genes will certainly take place. And so 
it must be with the forest-dwelling para- 
dise flycatchers when they find their forest 
homes dwindling, even though with a 
larger area of forest available they would 
continue as what we may still justly call 
distinct species. 


SUMMARY 


1. Only three species of paradise fly- 
catchers (Terpsiphone) inhabit continen- 
tal Africa. Two of them, T. rufocinerea 
and T. rufiventer, are mainly restricted 
to heavy lowland rain forests in western 
and central Africa, both living side by 
side in the Lower Guinea Forest. The 
third species, 7. viridis, is very widely 
distributed over the African savannas, 
occasionally invades mountain forests, and 
occupies clearings and areas of second 
growth in the Guinean forests. 

2. A natural hybrid between the tw 
forest species, 7. rufocinerea and T. ru- 
fiventer, is discussed. 

3. There is marked polymorphism 
among males of the more equatorial and 
northern races of T. viridis; but beyond 
that there is a further variability of T. 
rufiventer and T. rufocinerea in certain 
definite regions, to be explained only as 
the result of hybridization. 
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4. Rather extensive populations are 
found in three distinct areas, always near 
the outer border of the lowland forest 
region, which appear to have originated 
by interbreeding between 7. 
either 7. rufiventer or T. 


viridis and 
rufocinerea. 
These areas are in and near Portugese 
Guinea, Uganda, An- 
The characteristics of the hybrid 
populations in the different areas are just 
those to be expected, in view of the ra- 
cial characters of the parent forms. 

5. It is suggested that the breakdown 
of reproductive isolation between T. viri- 
dis and the two forest-dwelling species is 
due to fragmentation of the forested areas 
and the invasion by T. viridis of isolated 
and diminishing patches of forest. This 
species, under other conditions, shuns the 
primary rain forest preferred by T. 
fiventer and T. 


and northwestern 


gola. 


ru- 
rufocinerea. 
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[INTRODUCTION 


My studies of late Tertiary floras indi- 
cate that those of Middle Pliocene age 
reflect a semiarid climate, milder and 
warmer than exists at present in the 
western United States. This climate was 
of a highly distinctive type for it finds 
expression in all known Middle Pliocene 
floras even though vegetation during this 
stage was diversified, changing rapidly in 
composition with latitude and position 
with repect to the ocean and mountain 
ranges. Middle Pliocene climate differed 
sufficiently from that prevailing earlier 
in the epoch to have greatly modified 
vegetation over the western United States. 
As judged from comparative studies of 
Pliocene floras, there appears to be good 
evidence for relatively rapid evolution of 
both species and vegetation during the 
middle of this epoch. In order to under- 
stand more clearly the nature of muid- 
Pliocene climate, and to discuss its gen- 
eral implications, it is desirable to re- 
view first the outstanding features of 
Middle Pliocene climate as interpreted 
from fossil floras of this age in Cali- 
fornia, the Great Basin and border areas, 
and the High Plains. 

With respect to the interpretation of 
these floras, paleobotanists now consider 
that most trees and shrubs of late Ceno- 
zoic age are essentially identical with the 
living. Close relationship is indicated not 
only by details of leaf and seed mor- 
phology, but also by the regular associa- 
tion of fossil species in assemblages which 
are duplicated closely by modern com- 
munities. By reference to the present 
day climate in which similar communities 
survive, it is possible to infer the former 
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conditions under which equivalent late 
Tertiary floras lived. In a reconstruction 
of past climate, analysis is based not so 
much on the modern occurrence of a 
particular species as on the assemblages 
represented in a given flora. This is be- 
cause individual species, such as the living 
aspen (Populus tremuloides) or sandbar 
willow (Salix exigua), are not always 
restricted in climatic relations and may 
therefore be untrustworthy as close indi- 
cators of climate. Since each late Tertiary 
flora commonly includes members of two 
or more communities whose modern coun- 
terparts are confined to climate which 
may be defined within rather narrow 
physical limits, each flora can be con- 
sidered as an indicator of climate. In- 
terpretation on this basis provides insight 
into the conditions under which vegeta- 
tion lived during late Tertiary time 
(Chaney, 1938a). 


CLIMATE 


Central California 

The Middle Pliocene floras of central 
California, such as the Mulholland ( Axel- 
rod, 1944b), Oakdale (Axelrod, 1944c) 
and Petaluma (Axelrod, 1944d, pp. 186- 
187), are dominated by live-oak woodland. 
Associated woodland species, distributed 
in such genera as Celtis, Lyonothamnus, 
Platanus, Populus, Robinia, Salix and 
Sapindus, now find their nearest relatives 
in California, the southwestern United 
States and northern Mexico. Chapar- 
ral also has an important place in these 
floras, the association of species of Arcto- 
staphylos, Ceanothus, Cercocarpus, Den- 
dromecon, Fremontia, Mahonia, Photinia, 
Quercus (scrub-oak) and Rhus showing 
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128 DANIEL | 
relationship to living California and Ari- 
communities. In the Mulholland 
and Petaluma floras near the coast occur 
a few records of the forest that lived in 
bordering upland areas. These include 
species of Alnus, Arbutus, Cornus, Fraxi- 
nus, Populus and Prunus whose nearest 
descendants are in the border-redwood 
lorest of central California, as well as 
species in such genera as Acer, Ber- 
chemia, Nyssa, Populus, Quercus and 
Ulmus, whose closest equivalents are in 
the temperate eastern North 

Asia. The domi- 


ZONa 


forests of 
\merica and eastern 


nant live-oak woodland indicates a cli 
mate warmer and drier than at the re- 
spective fossil localities today. It is in- 


ferred that rainfall varied from 15 to 17 
inches over the lowlands to 23 inches in 
nearby forested uplands, and was distrib- 
uted as summer showers and winter rains. 
Winters appear to have been more mild 
than those now found in central California. 

These Middle floras differ 
greatly from Lower Pliocene communities 
in the same area. The Diablo ( Axelrod, 
l¥44e, p. 213), Black Hawk Ranch ( Axel- 
rod, 1944a) Two-Mile Bar (U.C. 
Mus. Pal.) assemblages are characterized 
by species in such genera as Betula, Per- 
sea, Platanus, Populus, Smilax and UI- 
mus. Their nearest modern equivalents 
are in areas of summer rain in 
North America and eastern Asia. 


Pliocene 


and 


eastern 
Semi- 
arid, sclerophyllous woodland and chapar 
ral communities such as those just re- 
ferred to are rare or absent, in contrast 
to their dominant role in the Middle Plio- 
Minimum rainfall is estimated to 


have been near 2 


cene. 
5 to 30 inches over the 
lowlands in the Lower Pliocene, as com 
pared with 15 to 17 inches for the middle 
of the epoch. Temperatures were more 
moderate early in the Pliocene, with lower 
extremes. 
Middle Pliocene climate is 
iurther emphasized 1f comparison is made 


ranges and The warm, dry 


character of 


with Upper Pliocene floras such as the 
Sonoma (Axelrod, 1944d) and Santa 
Clara (Dorf, 1930) in this region. They 


show that redwood forest and associated 
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communities were able to extend out over 
lowland areas because of increased rain- 
tall and lowered temperatures following 
Middle Pliocene time. Middle Pliocene 
floras therefore seem to represent vege- 
tation that lived in central California dur- 
ing the hottest and driest stage of the 
Pliocene. 


Southern California 


The Middle Pliocene Mount Eden 
(Axelrod, 1937; MS) and Piru Gorge 
(Axelrod, MS) floras of southern Calli- 
fornia were also dominated by woodland, 
with live-oaks common in both floras and 
with fossil digger pine also abundant at 
Mount Eden. 
cies, in such genera as Cupressus, Jug- 
lans, Persea, Platanus, Populus, Salix and 
Sapindus, find their nearest relatives in 
southern California, the southwestern 
United States and northern 
Chaparral is also well represented by 


Associated woodland spe- 


Mexico. 


Arctostaphylos, Ceanothus, Cercocarpus, 
Fraxinus, Fremontia, Quercus, Rhamnus 
and Rhus. Furthermore, the Mount Eden 
has such desert-border plants as Bac 
charis, Cercidium, Chilopsis, Condallia, 
Ephedra and Prunus (Emplectocladus ), 
and an arid subtropical scrub with Dodo- 
naea, Eysenhardtia and Ficus. The Piru 
Gorge flora includes the palm Sabal in 
Plants from up- 
land communities are represented in the 
Mount Eden and Piru Gorge floras, the 
former including species in such genera 
as Amorpha, Arbutus, Philadelphus, Pinus 
and Pseudotsuga, the latter with Acer, 
Populus and Salix. Rainfall in the Mount 
Eden basin is inferred to have been as low 


this latter vegetation. 


as 12 to 15 inches, increasing to 18 or 20 
in the bordering hills, and distributed as 
The 
Piru Gorge flora suggests a total yearly 
rainfall near 17 inches over the lower ba- 
sin, increasing to about 20 inches in the 


summer showers and winter rains. 


nearby uplands. The presence of arid sub- 
tropical scrub in both floras, and the oc 
currence of desert-border species of So 
Mount Eden, suggests 


noran alhance at 














CLIMATE AND EVOLUTION IN MIDDLE PLIOCENE 129 


winters were mild, with frosts rare and 
of short duration. 

Current studies of late Miocene and 
early Pliocene floras in southern Cali- 
fornia, which include the Puente, Mint 
Canyon and Repetto, show that woodland 
was also the dominant vegetation type. 
But the nearest descendant species have 
more requirements than those 
Middle Phocene floras, 
with greater numbers being found now in 
Mexico. These floras also have a larger 
representation of arid subtropical scrub 
than those of Middle Pliocene age, and 
contain species with equivalents in the 
subtropical short-tree forest of northern 
Mexico. They accordingly suggest milder 
climate and higher rainfall than those of 
Middle Pliocene time, which seemingly 
was the warmest and driest stage of the 
epoch in southern California. 


mesic 
represented in 


Northern Great Basin and border areas 


The Middle Pliocene Deschutes flora of 
central Oregon (Chaney, 1938b) and the 
Alturas of northeastern California ( Axel- 
rod, 1944g) largely resemble vegetation 
like that found today in open country 
along streams below the pine-fir (Pinus 
ponderosa-Abies concolor) forest in the 
nearby mountains. The 
cludes Acer, Populus (2 spp.), Prunus 
and Salix, while the Alturas has Cra- 
tacgus, Populus (3 spp.), Salix (3 spp.) 
and Ulmus. The absence of typical forest 
species in both these Middle Pliocene 
floras suggests that forest was restricted 
to moister uplands, away from lowland 
sites of deposition during this stage. As 


Deschutes in- 


judged by similar living communities, an- 
nual rainfall probably ranged from 15 to 
17 inches in the Alturas and Deschutes 
areas, distributed in the summer and win- 
ter months. Milder winters are indicated 
by the small-leafed ecotype ot black ‘cot- 
tonwood (Populus alexandert), as dis- 
cussed below, and by the distribution of 
certain other living equivalent species in 
warmer regions to southward. 

These floras differ greatly from those 
of Lower Pliocene age in the nearby area. 


The Alvord Creek flora, for example, is 
dominated by forest, with fossil species 
of Acer, Abtes, Amelanchier, Mahonia, 
Picea, Pinus, Populus, Pseudotsuga and 
Rosa most similar to those now in the 
Sierra-Cascade and Rocky Mountain for- 
ests (Axelrod, 1944f). Associates in- 
cluded Alies, Carpinus, Picea, Prunus and 
Rhus whose nearest equivalent species are 
in the temperate, summer-wet forested 
regions of eastern North America and 
eastern Asia. The more arid conifer- 
woodland and chaparral, with species in 
such genera as Arbutus, Ceanothus, Cer- 
cocarpus, Juniperus and Photinia, ap- 
parently occupied exposed slopes near at 
hand. Minimum rainfall is estimated to 
have been near 25 inches, or about 10 
inches more than that of Middle Pliocene 
time. The same relationships hold for 
the lowland regions to northward, as sug- 
gested by the Dalles flora from the east 
end of the Columbia gorge (Chaney, 
1944b) and by the Ellensburg flora 
from south-central Washington (Chaney, 
1944d, p. 358). These floras demonstrate 
the existence of floodplain and adjacent 
slope-forest communities, with species in 
such genera as Acer, Amorpha, Cercis, 
Liquidambar, Platanus, Populus, Ptero- 
caryva, Ouercus, Salix and Ulmus. 
of the dominants now have their nearest 


Some 


suimimer-wet 
eastern portions of the northern conti- 
nents. Annual rainfall is estimated to 
have ranged from 25 to 30 inches, distrib- 
uted during the summer and 
months. 


homologues in the mesic, 


winter 


Central Great Basin 

Middle 
present desert region of western Nevada 
was semiarid woodland as indicated by 
current studies of the Hazen flora (Axel- 
rod, MS). 
few species, in Juglans, Edwinia, Purshia, 
Rhus and a live-oak represented by a 
single specimen. Similar modern com- 
munities are found today on the drier 
borders of conifer- and oak-woodland 
vegetation in the western United States. 


Phocene vegetation over the 


The Hazen includes only a 


- 
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130 DANIEL I 
Rainfall is considered to have been near 
12 inches yearly, and winters were mild 
judging from the distribution of similar 
species in southern California and the 
southwestern United States. 

The Hazen differs greatly from the 
late Upper Miocene Fallon flora of the 
same which is 
oaks, and also contains Abies, Castanopsis, 
Mahonia, Picea, Pinus, Populus and Se- 
quoia (big-tree), plants which survived 
in this region when minimum rainfall 
over the lowlands was near 25 inches. 
The Esmeralda flora of Lower Pliocene 
age some 100 miles southward is essen- 
tially intermediate in composition with 
respect to the Fallon and floras 
( Axelrod, 1940a). Live-oak and conifer- 
woodland, as represented by species of 
Juniperus, Pinus (fossil digger pine) and 
Quercus, and their associates of Celtis, 
Populus and Salix, make up much of the 
flora. Chaparral includes Arctostaphylos, 
Cercocarpus, and Rhus, and desert-border 
species of Mahonia and Prunus (Emplec- 
tocladus) lived on nearby exposed slopes. 


area, dominated by live 


Hazen 


Forest species of the type represented ear- 
lier at Fallon are not known at this later 
date when rainfall apparently averaged 
about 18 inches over lowland areas; they 
may have lived in more mesic sites in the 
adjacent hills, well-removed from accu- 
mulating sediments. 


Southern Great Basin 


Middle Pliocene floras are unknown 
from the Mohave Desert. To judge from 
the temporal succession of vegetation in 
the northern and central Great Basin, it 
seems reasonable to assume that the Ri- 
cardo flora (Webber, 1933; Axelrod. 
1939, pp. 78-83), which is representative 
of Lower Pliocene vegetation in the Mo- 
have region, had been modified consider- 
ably by Middle Pliocene time. The Ri- 
cardo flora, as known from fossil woods. 
includes live-oak and conifer-(pinyon) 
woodland, with associates of Cupressus 
and Robinia. A palm, possibly Sabal, sug- 
gests arid subtropical scrub vegetation in 


stream valleys over the region. Leaves 
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collected recently from the Ricardo for- 
mation add Acacia to the arid subtropical 
scrub. The presence of Ceanothus sug- 
gests a nearby chaparral and Lycimm 
leads to the inference of a desert-border 
community in the area. Climate is con- 
sidered to have been semiarid, with rain- 
fall near 15 inches yearly and distributed 
as summer and winter rains. 
Temperatures are inferred to have been 
high in summer, but winters apparently 
were mild and without prolonged frosts. 

The transitional Lower to Middle Plio- 
cene Anaverde flora from the Palmdale 
area at the edge of the desert 80 miles 


showers 


southwest of Ricardo provides important 
information as to the nature of floristic 
modification that may have resulted from 
Middle Pliocene climate (Axelrod, MS). 
The Anaverde is dominated by live-oaks, 
with associates of Persea, Pinus (fossil 
digger pine), Platanus, Populus and Sa- 
pindus. A nearby chaparral is_repre- 
sented by Ceanothus, Quercus (scrub- 
oak) and Mahonta, and arid subtropical 
scrub includes Colubrina, Dodonaea, Ey- 
senhardtia and a palm. Annual rainfall 
is estimated to have been near 15 inches, 


distributed in the summer and winter 
months, and winters were mild, with 
frosts rare or absent. Since minimum 


rainfall at the edge of the Mohave province 
was about 15 inches at the end of Lower 
Pliocene time, it is estimated that precipi 
tation farther out in the desert region 
probably was near 8 to 10 inches during 
the Middle this of the same 
order of change that took place in the 
region immediately northward. As _ in- 
ferred from the arid subtropical scrub at 
Anaverde, Middle 
the Mohave region probably was mild and 
warm at this later date when trees prob- 
ably were limited to stream-and_ lake- 


Pliocene : 


Pliocene climate over 


borders over the lowlands which were now 
largely covered by desert grassland. 


High Plains 


Floral succession in the High Plains 
roughly parallels that in the Great Basin 
area. The Middle Pliocene Logan County 
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flora from western Kansas includes only 
hardy members of floodplain vegetation 
(Chaney and Elias, 1936). These are 
in Celtis, Populus, Ulmus and a legume, 
‘ probably Amorpha, plants like those that 
today range westward along stream-val- 
leys into semiarid open plains country in 
the High Plains. A flora collected re- 
cently from near Channing in north- 
western Texas includes a_ small-leafed 
white oak, Populus, Sapindus and other 
xeric types. Both floras suggest an an- 
nual rainfall near 20 inches, distributed in 
summer and winter, and milder tempera- 
tures than those now in the region. These 
floras differ greatly from the Lower Plio- 
cene Beaver Creek flora of western Okla- 
homa at the same longitude, where com- 
paratively mesic floodplain vegetation in- 
cludes species of Acer, Bumelia, Fraxinus, 
Gymnocladus, Platanus, Sapindus and UI- 
mus. Related modern communities now 
characterize floodplain vegetation some 
150 miles eastward where rainfall is 15 
inches higher. The Beaver Creek spe- 
cies of Celtis and Ulmus have larger 
leaves than those from the Logan County 
flora. This seems to be a reflection of the 
more arid climate of Middle Phocene time 
(Chaney and Elias, 1936, pp. 23-24). 


Discusston 


The floras reviewed above provide 
strong evidence for the presence of mild, 
warm and dry climate over lowland areas 
in the western United States south of 
Lat. 42° during Middle Phocene time. 
They differ greatly over this wide area 
due to the effects of latitude, local rehet 
and position with respect to the ocean 
and mountain barriers. But all of them, 
whether we consider the Deschutes of 
border-forest composition (Chaney, 
1938b), the Mulholland of xeric wood- 
land character (Axelrod, 1944b), the 
Mount Eden of desert-border aspect ( Ax- 
elrod, 1937) or the Logan County flora 
of border-floodplain species (Chaney and 
Elias, 1936), reflect a climate consistent 
in character from north to south and east 
to west, the average expression of which 


was semiarid and warmer than at present. 
Floras from the Pacific slope suggest a 
climate as dry as or slightly drier than 
that at a given locality today. This rela- 
tionship is obscured in the present desert 
and steppe regions to the lee of the Sierra 
Nevada-Cascade and Rocky Mountain 
axes. Rainfall continued to decrease over 
those areas as the mountains were elevated 
and rain-shadows to their lee continued to 
expand in area during the latest part of 
geological time. As a result, these interior 
regions now have a climate which is drier 
than that which existed at any time in the 
Tertiary, and they also are colder. 

These Pliocene floras express not a 
uniform climate, but rather the local vari- 
ations in a semiarid climate which would 
be expected from differences in latitude, 
relief and position with respect to moun- 
tain barriers and the sea provided the as- 
semblages concerned were contemporane- 
ous. Doubt concerning their general age 
agreement might be well-founded in the 
judgment of a _ tradition-bound _ strati- 
grapher, for only one species has been 
recorded which was common to each re- 
gion during the Pliocene. This is the 
Pliocene aspen, Populus pliotremuloides, 
the nearest equivalent of which, ?. tremu- 
loides, is the most widely distributed tree 
in North America today. In other words, 
there are as few woody species common to 
these fossil floras as are known to be 
common to the present floras of the High 
Plains, the Great Basin and California. 
Nevertheless, two lines of evidence indi- 
cate that despite their diversity, these 
floras were contemporaneous and that all 
are Middle Pliocene in age. 

First is the association with most of 
these floras of mammalian faunas that 
are generally considered to be Middle 
Phlocene (Hemphillian) in age. Second 
is the evidence which is derived from an 
understanding of the clisere, that 1s, the 
temporal succession of vegetation within 
a given region in response to climatic 
change. A complete Tertiary clisere, 
wherein several vegetation types succes- 
sively replaced one another through this 




































- # 


oo eee 
eg: Se 


eee 















































132 


period of geologic time as a result of 
changing climate, is unknown for any 
region. However, sufficient partial se- 
ries are represented by the known floras 
of each paleobotanical province so that 
the age of any given flora can be deter- 
mined with a high degree of reliability by 
local correlation. It is possible to show 
by a more extended analysis than can be 
entered into here that although 
Pliocene communities are diverse, each 
represents a stage in the floristic evolution 
of a particular region, and that these stages 
are contemporaneous (Axelrod, 1944e; 
19449, pp. 278-279). Taking into ac- 
count the differences in latitude and topog- 
raphy, they form a pattern consistent with 
the succession of vegetation in each prov- 
ince through Pliocene time. Warm, semi- 
arid climate is so well reflected by the dif- 
ferent types of Middle Pliocene vegetation 
that it provides another means for corre- 
lating dissimilar floras over wide areas. 

Briefly summarized, the regional as- 
pects of vegetation over lowland areas in 
the western United States during Middle 
Pliocene time were as follows: 


these 


California: Maximum 
woodland and chaparral in central 
California. <A 
to these 


expansion of 

desert-border aspect 

communities in interior 
southern California. 

Great Basin: Largely a riparian dis 
tribution for trees over the region 


now desert. Border-forest at the 
north and border-woodland at the 
south. Extensive grasslands over 


the adjacent plains. 
High 


tation along stream valleys in open, 


Plains . +t irder- fl Ti Tet ain vege 


grassland country. 


The mild reflected by 
these Middle Pliocene floras may repre 


warm, climate 
sent more than a purely local develop 
ment in the western United States. Veg- 
etation of similar character existed at this 
time in Europe. If it can be demonstrated 
that European Pliocene floras reflect a 
similar climate for the Middle Pliocene 
and a similar trend through the epoch, 
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then we may have at hand a useful tool 
for further correlation. With this end 
in view some of the major review papers 
of European floras were studied to de- 
termine whether they show a similar cli- 
matic trend (Depape, 1928; Reid, 1924; 


Szafer, 1946). Most of the European 
floras are from higher latitudes than 


those of the western United States, in 
areas of moist temperate climate where 
the Arco-Tertiary Flora was dominant. 
The majority are north of Lat. 40°, well 
removed from the effects of dry climate 
that existed to southward. Furthermore, 
since ocean-controlled climate extended 
much more widely over western Europe 
than the western United States during 
the Pliocene, dry climate was not so prom- 
inent at corresponding latitudes in Eu- 
rope. The mesic European floras would 
therefore hardly be expected to show as 
conspicuously the effects of this climate. 
What is needed most for comparison is a 
clisere from northern Africa, a region 
where the climate may be supposed to 
have more nearly paralleled that in the 
western United States. 

Available data suggest Middle Pliocene 
nay also represent the warmest stage of 
the epoch in Europe. Depape (1928) has 
shown there is a prominent Canary Island 
Element in the Middle Pliocene of south 
Members of this group, 
which now find their nearest relatives in 
the summer-foggy uplands of the Canary 
Islands, are known from the Miocene and 
lower Pliocene of Europe, but they seem 


ern France. 


to be more conspicuous in Middle Phio- 
cene (Plasiancian) time and may be valid 
evidence for warm climate. A semiarid 
sclerophyllous Mediterranean Element 
has been recorded with elements of the 
Arcto-Tertiary Flora at several southern 
European localities, and it apparently had 
a more prominent place in the Middle 
Pliocene ( Plasiancian) than earlier (Pon- 
tian) or later (Astian) in the epoch. 
These sclerophylls may represent mem- 
bers of an arid Tertiary Flora at the north- 
ern limits of its range in the Middle Phio- 
cene, the stage of its maximum expansion, 






































thus corresponding generally to the 
Madro-Tertiary Flora of North America. 
Warm climate apparently was_ typical 
also of the Middle Pliocene of central 
Europe, as judged by a comparative analy- 
sis of several floras (Szafer, 1946). An- 
other indication of changing conditions 
is the sudden decrease in the relative per- 
centage of the East American and East 
Asian Elements in Middle Pliocene floras 
of western Europe as compared with those 
of Lower Pliocene age (Reid, 1920). 
These ‘floristic changes clearly reflect im- 
portant modifications in climate during 
the middle of the epoch. Although it is 
hazardous from this distance to regard 
the data as more than suggestive, it is 
nonetheless felt that further careful study 
of the floras available may provide defini- 
tive evidence for warm, mild Middle Plio- 
cene climate in Europe. If such a cli- 
mate is contemporaneous with that in 
western North America, it may well be 
part of a world-wide climatic trend which 
is reflected in Middle Pliocene floras else- 
where. The existence of such a climate 
would provide a sound basis for wide cor- 
relation. 


EVOLUTION 

Species 

Not only the plant assemblages of 
Middle Pliocene age indicate a semiarid 
climate warmer than at present, but also 
certain of their constituent species which 
have close living counterparts. Some of 
these fossil plants seem to bear the same 
relation to their present equivalents that 
living ecotypes of a given species bear to 
one another. Fossil ecotypes appear to 
he represented in several genera, includ- 
ing cer, Amelanchier, Platanus, Populus, 
Quercus, Rosa and Ulmus (Chaney, 
1938b, pp. 212-213; 1944a, pp. 12-17; 
Axelrod, 1941; 1944c, p. 155; 1944f, pp. 
241-243; 1944¢, pp. 256-262). In each 
case during the Pliocene the morphology 
of the leaf is such as to indicate a differ- 
ence in water-relation as compared with 
that of the Miocene. The Pliocene species 
suggest adaptation to drier climate, inas- 


CLIMATE AND EVOLUTION IN MIDDLE PLIOCENE 


much as they resemble most closely popu- 
lations of the present-day species which 
exist in the more arid parts of their 
ranges. <A typical case in point is pro- 
vided by Populus alexanderi Dorf, a com- 
mon Pliocene cottonwood. 

P. alexanderi is a fossil homologue of 
the living P. trichocarpa which ranges 
from Alaska into southern California. 
The leaves of P. alexanderi are uniformily 
small and approach in size and shape only 
those produced by P. trichocarpa in the 
arid section of its range in south-central 
and southern California; the larger leaves 
found in the more mesic areas of its 
distribution resemble those of P. eotremu- 
loides, a common Miocene species. The 
contrast between the Pliocene and the 
present-day species is especially notable 
in the Deschutes, Alturas and Verdi floras, 
near which the living equivalent still sur- 
vives. At the Verdi locality, on the banks 
of the Truckee River a few miles west of 
Reno, leaves of P. alexanderi can be re- 
covered from rocks which he within the 
shade of P. trichocarpa. But the leaves 
of the living species are regularly two and 
three times the size of the fossil. Leaves 
which match the fossils in all details of 
size, shape, margin and texture can be 
collected only from trees of P. trichocarpa 
which now live some 300 miles south- 
westward under mild and semiarid cli- 
mate. The presence of oak woodland and 
chaparral species with P. alexanderi at 
Verdi, and their occurrence today with 
the small-leafed ecotype of the modern 
black cottonwood, corroborate the sug- 
gestion of mild, semiarid climate in the 
Verdi region during Pliocene time. 

The appearance and spread over wide 
areas of fossil ecotypes of arid require 
ments during the Pliocene suggests 
strongly that this epoch was marked by 
major environmental changes of regional 
extent. The nature of these modifications 
have been outlined above for the Pliocene 
in several paleobotanical provinces in the 
western United States, and more detailed 
analysis have heen presented elsewhere 


(Axelrod, 1944e: Chaney, 1944c). One 
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of the major environmental innovations 
that have resulted from the 
change to relatively drier and hotter Mid- 
dle Pliocene climate was that arid grass- 
land and sub-desert vegetation now ap- 
parently attained an area subcontinental 
in extent as more mesic vegetation with- 
drew to moister and cooler sites in border- 
ing areas. Similar communities are 
known to have been in existence during 
the Miocene, but they were restricted 
largely to the borders of forest and wood- 
land which were the dominant types of 


seems to 


vegetation over the lowlands of the west- 
ern. United States during this epoch. 
Species populations which had been de- 
veloping in these localized open sites may 
have spread widely and evolved rapidly 
in Middle Pliocene time, for suitable en- 
vironments apparently came into exist- 
ence over wide areas during this stage. 
Biologists are now agreed that the 
principal factors which govern rates of 
evolution are the organism-environment 
relation (Clausen, Keck, Hiesey, 1941; 
Simpson, 1944; Stebbins, 1948). Rapid 
evolution, it is believed, takes place at 
times of extensive climatic and topo 
graphic changes if there is sufficient gen- 
otypic plasticity to provide the materials 
for diversification. The newly-expanded 
Middle Pliocene environments appear to 
have been especially suitable for certain 
genetically variable groups, particularly 
of herbaceous and semi-woody habit. 
Spreading as the dry environments rap- 
idly increased in area, species groups in 
such families as the Compositae, Legumi- 
Gramineae, Labiatae, 
Cruciferae, 


nosae, Polemoni- 
and 


others, may have become rich in diverse 


aceae, Joraginaceae 


categories, such as ecotype, ecospecies 
Fossil evidence to sub- 
stantiate this belief is provided by re- 
cent studies of and Pliocene 
grasses and herbs (Elias, 1942). The 
data show clearly that in western Kansas 
and Nebraska species were changing only 
gradually in Miocene and early Pliocene 
times. But Middle 
greatest 


and coenospecies. 


Miocene 


Phocene was the 


stage of diversification of fossil 
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outburst of these 
species in Ash Hollow or medial Plio- 
cene time’ (Elias, 1942, p. 118, pl. 17). 
[It seems likely that they developed in the 
new regional environments that came into 
existence as a result of the warm and mild 
semiarid climate of Middle Pliocene time. 
Such an interpretation finds support in 
recent cytogenetic studies which show that 


types, with a “literal 


allopolyploids often are more vigorous 
than the parental forms. Allopolyploids 
commonly attain geographical distribu- 
tions which greatly exceed those of their 
parents. 
which have been newly opened to colont- 


They frequently occupy areas 


zation, whereas the parental forms are 
left in the geologically older, relic areas 
(Stebbins, 1947, pp. 152-155, see refs.). 
The results of an environmental change of 
a type affecting an area subcontinental in 
extent, such as that suggested by these 
Middle Pliocene floras, would probably 
be first, a restriction of ancestral species 
environments (or to 
eliminate them), and second, an expan- 


to localized relic 
sion over the newly-opened environments 
of more vigorous, better-adapted forms. 
In brief, Middle 


been a time when a great modernization 


Plhocene seems to have 


of herbaceous and semi-woody plants ot 
arid grassland and semi-desert environ- 
ments took place. A noteworthy fact in 
this connection is that only the Middle 
Pliocene from the High 
modern; the older 
species seem to have no close modern 
counterparts (Stebbins, 1947, p. 154). 
With the continued 
topography due to large-scale mountain 
building in post-Middle Pliocene time, a 
host of 
came 


fossil 


erasses 


Plains resemble the 


diversification of 


new and more localized habitats 


into existence. These were not 


only in the newly-elevated mountains, 
over the adjacent 
Furthermore, under the impact of fluctu- 


ating Pleistocene climates these environ- 


but also lowlands. 


ments were in a state of continual flux. 
In such areas a wealth of new entities may 
have arisen in latest Cenozoic time, further 
differentiating their 
Many new forms may thus 


from mid-Pliocene 


ancestors. 








CLIMATE AND EVOLUTION IN MIDDLE PLIOCENE 135 


have evolved in latest Cenozoic time due 
to the selective influence of rapidly de- 
veloping and fluctuating localized envir- 
onments which became successively more 
narrowly limited in extent. This ap- 
parently accounts for the wide ecological 
diversification of these herbaceous types 
which show such a high degree of adapta- 
tion in the utilization of geologically re- 
cent, highly localized habitats. Differ- 
entiation of the various categories has been 
limited largely by the genetic variability 
of the populations and by the diversity of 
localized environments. Nonetheless, the 
relatively short time that these highly- 
localized environments have been in ex- 
istence may well account for the low de- 
gree of differentiation of many of the cate- 
gories, and for the rapid evolution that is 
continuing today. 


| “egetation 


Middle Pliocene climate seems to have set 
the stage for accelerated evolution not only 
of species but also of vegetation. Changes 
in the composition and distribution of vege- 
tation during each epoch of the Tertiary 
were continuous and gradual. These 
changing floristic and time-space relations 
are so apparent that they form a sound 
basis for age determination (Chaney, 
1936; Axelrod, 1938: 1944e).  Floristic 
changes during Middle Pliocene and later 
times appear to have been more rapid 
than earlier in the Tertiary. The chang- 
ing and extreme climates to which the 
major continental Tertiary Floras_ re- 
sponded in late Tertiary time largely ac- 
count for their final breakup and segrega- 
tion into more narrowly limited regions. 
These segregates represent the modern 
descendant units of vegetation. To inter- 
pret the evolution of living derivative com- 
munities in the Far West, cognizance must 
be taken of the general trend of climatic 
change following mid-Pliocene time. This 
essentially involved the disappearance of 
effective summer showers and the lower- 
ing of winter temperature. A few ex- 
amples of the general pattern of floristic 
evolution initiated in the Arcto-Tertiary 


and Madro-Tertiary Floras by mid-Plio- 
cene and succeeding climates are sum- 
marized in the following pages. 


Montane forest 


Most of the important trees and shrubs 
now characterizing the Redwood, Sierra- 
Cascade, Rocky Mountain and North- 
coast Conifer forests have close equiva- 
lents in the West American Element of 
Miocene floras from the Columbia Pla- 
teau and adjacent areas. These species 
are in such genera as Abies, Acer, Alnus, 
Amelanchier, Betula, Castanopsis, Cham- 
aecyparis, Cornus, Fraxinus, Gaultheria, 
Libocedrus, Lithocarpus, Mahonia, Rho- 
dodendron, Rosa, Salix, Sequoia, Sorbus, 
Thuya, Tsuga and Vaccinium. Regularly 
associated with them are fossil species 
that find their nearest relatives in the 
temperate, summer-wet eastern portions 
of North America and Asia. In the East 
American Element are fossil species in 
such genera as Carya, Carpinus, Casta- 
nea, Fagus, Liquidambar, Nyssa, Tax- 
odium and Ulmus, whose closest counter- 
parts are now found in eastern North 
America; these genera are no longer in- 
digenous to the region west of the Rocky 
Mountains. Also included in this element 
are fossil species of Acer, Betula, Cratae- 
gus, Fraxinus, Populus, Prunus, Smilax, 
Ouercus and Vaccinium which have their 
nearest relatives in eastern North Amer- 
ica. Members of the East Asian Ele- 
ment are distributed in Ailanthus, Cerci- 
diphyllum, Ginkgo, Keteleerta, Metase- 
quoia and Pterocarya, genera no longer 
indigenous to North America; in species 
of Carya, Hamamelis, Hydrangea, Ostrya, 
Lindera, Sassafras and other genera that 
are represented also in eastern North 
America; and in certain fossil species of 
Acer, Abies, Picea, Populus, Quercus and 
Prunus which have their nearest homo- 
logues in the temperate forests of eastern 
Asia. The regular association of members 
of all three elements in fossil floras of 
Oregon and adjacent areas suggests Mio- 
cene forests of generalized composition 
surviving under a climate of ample rain- 
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fall distributed rather evenly throughout 
the year, and moderate ranges and ex- 
tremes of temperature. Distinct associa- 
tions are recognizable over the region, 
with dominant species changing in re- 
sponse to elevation, and position with re- 
spect to low mountains or broad coastal 
valleys. 

This forest was modified greatly dur- 
ing the Pliocene as summer rains gradu- 
ally lessened. Members of the eastern 
elements show a continued reduction in 
numbers through the epoch, both from 
a quantitative as well as a qualitative 
standpoint, with the reduction accelerated 
in post-Lower Pliocene time. Lower 
Pliocene floras from central California 
northward regularly include species of the 
eastern elements in a comparatively 1m- 
portant role. Such floras as the Black 
Hawk (Axelrod, 1944a), Diablo ( Axel- 
rod, 1944e, pp. 213), Troutdale (Chaney, 
1944c), Ellensburg (Chaney, 1944d, p. 
358) and Dalles (Chaney, 1944b) are 
largely unchanged in basic floristic com- 
position as compared with those of Mio- 
cene age. By the middle of the epoch, 
however, members of the eastern elements 
were rare and they were now subordinate 
to species of the West American Element, 
as well as to those of the Madro-Tertiary 
Flora in transitional areas to southward. 
The few remaining relics of these ele- 
inter- 
preted as arid ecotypes, disappeared by 
the end of the epoch. The warm, semiarid 
climate of Middle Pliocene apparently was 
an important factor in their reduction in 
numbers and it also had an important role 
in the evolution of the surviving West 
American Element. 

The residual West American Element 
represented in Middle and Upper Pliocene 
floras was generalized in character. Dif- 
ferentiation into the modern forests that 
now characterize western North America 


ments. some of which have been 


was continuous through late Cenozoic 
time. The nature of this late Cenozoic 


floristic evolution is suggested by the fol 
lowing examples. The close association 


of members of the Redwood and Sierra 
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Cascade Components into Upper Pliocene 
time in the Coast Ranges of central Calli- 
fornia shows that they have been differen- 
tiated in this region only recently (Axel- 
rod, 1944b, pp. 119-122). Descendants 
of the Sierra-Cascade forest appear to 
have been segregated to cooler, upland 
areas, with redwood persisting in the hu- 
mid, summer-foggy coastal areas. Mem- 
bers of the North-coast Conifer Compo- 
nent also lived with those of the Sierra- 
Cascade and Redwood Components into 
Upper Pliocene time in the Coast Ranges 
(Axelrod, 1944d). The humid, coastal 
conifers apparently were restricted to the 
north-coast region as hotter and drier 
climate developed over areas of their 
former distribution at the interior. Rep- 
resentatives of the Rocky Mountain Com 
ponent, including fossil species closely re- 
lated to Acer grandidentatum, Populus 
acuminata and P. angustifolia, persisted in 
California into Middle Pliocene time, but 
largely disappeared during the Upper Pli- 
ocene, seemingly as summer showers were 
reduced (Axelrod, 1944b, pp. 122-123). 


Woodland 
Wo dland, 


such associated conifers as fossil pinyon 
pine, juniper and digger pine, makes up 
a prominent part of the Madro-Tertiary 
Flora which ranged widely over south- 
North America in middle and 
later Tertiary times. Members of the 
Sierra Madrean Element have their near- 
est equivalent species in summer-wet areas 
extending from the Cape Region of Baja 
California Madre ol 
eastern and western Mexico and into the 
southwestern United States. This ele 
ment includes plants which are no longer 
represented generically in California, Ne- 
vada or Colorado, such as Bumellia, 
Clethra, Evysenhardtia, Ilex, Pistacia, 
Robinia, Sapindus, Ungnadia and Zan- 
thoxylum, as well as certain species of Ar- 
butus, Cupressus, Forestiera, Fraxinus, 
Populus, Ouercus and Rhus which now 


with dominant live-oaks and 


western 


across the Sierra 


homologues in areas 
mild 


their closest 


summer rains 


have 


with and winters. 
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The California Woodland Element, with 
species in such genera as Celtis, Juglans, 
Lyonothamnus, Platanus, Pinus, Populus, 
Prunus, Ouercus and Umbellularia, finds 
its nearest relatives making up living Cal- 
ifornia woodland associations. 

Both elements lived in close associa- 
tion during middle and later Tertiary 
times in California. The Sierra Madrean 
Element was prominent into the Lower 
Pliocene, has a more limited representa- 
tion by the middle of the epoch, and 
largely disappeared from this region dur- 
ing the Upper Phocene, apparently as 
summer rains lessened. The California 
Woodland Element was left as a surviving 
generalized community as members of the 
Sierra Madrean Element were eliminated. 
Differentiation of the California Wood- 
land Element is thought to have been 
largely in response to temperature rela- 
tions. Species now characteristic of south- 
ern California associations have fossil 
equivalents in central California and they 
apparently disappeared from that region 
as temperatures were lowered late in the 
epoch (Axelrod, 1944b, pp. 117-119). 
The interior and coastal associations of 
southern California seem to have differ- 
entiated as hot summers, with resultant 
high evaporation, developed over the in- 
terior region as coastal ranges were ele- 
vated in latest Cenozoic time (Axelrod, 
1944b, pp. 119). Close ancestors of mod- 
ern insular endemics of the continental 
shelf islands of southern California and 
Baja California had a wider range over 
the continental area during the middle and 
later Tertiary. They were seemingly re- 
stricted to the milder climate of the in- 
sular area during late Cenozoic time as a 
more continental type of climate, with 
greater ranges and extremes of tempera- 
ture, developed over the mainland (Axel- 
rod, 1939, pp. 67-71 ; 1944b, pp. 118-119). 

Members of both the California and 
Sierra Madrean Woodland Elements are 
known from late Miocene and early Plio- 
cene floras of central Nevada and a few 
persisted into the middle of the epoch. 
They apparently disappeared as summer 


showers were reduced and as mild winter 
climate gave way to colder conditions later 
in the Cenozoic. The surviving pinyon- 
jumiper conifer woodland has been inter- 
preted as an impoverished association of 
Madro-Tertiary derivation that persisted 
over the area and became adapted to colder 
climate (Axelrod, 1940b). <A_ similar 
history is indicated for the central Rocky 
Mountains, where the modern woodland 
is largely pinyon-juniper, and where there 
are records of Sierra Madrean species as- 
sociated with pinyon and juniper into 
Pliocene time. 

The woodland of the Cape Region of 
Baja California is high in endemics, and 
some of these have fossil representatives 
in the Miocene and Pliocene floras of Cal- 
ifornia (Axelrod, 1939; MS). Their as- 
sociates included members of both the 
California and Sierra Madrean Woodland 
Elements. The persistence of species of 
Cape woodland alliance into the Middle 
Pliocene in southern California shows that 
the modern association has been restricted 
to its present area only in latest Cenozoic 
time. This was due presumably to the 
elimination of summer rains in southern 
California late in the Pliocene. Differ- 
entiation of this woodland is still in prog- 
ress, for a few typical California plants, 
as well as oak-woodland species from the 
Sierra Madre in Sonora and Sinaloa, are 
in the Cape Region today. 


Chaparral 


Chaparral, in such genera as Arcto- 
staphylos, Ceanothus, Cercocarpus, Den- 
dromecon, Fremontia, Garrya, Photinia, 
Quercus (scrub-oak) and Rhus, has a 
large representation in the Madro-Ter- 
tiary Flora. Close relationship is ap- 
parent with the sclerophyllous associations 
now in California, Arizona and Coahuila. 
Although chaparral was an important 
community in southern California by early 
Miocene time, it apparently reached maxi- 
mum regional development in California 
under the semiarid, mild climate of the 
Middle Pliocene. This is suggested by its 
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strong representation in floras of this age 
in central and southern California. 
Tertiary chaparral was more general- 
ized in composition than the modern. 
Certain species now typical of southern 
California chaparral are known to have 
close equivalents in Middle Pliocene floras 
of central California, where they 
with species whose descendants now char- 
acterize the chaparral in that area. The 
lowering of winter temperature over cen- 
tral California later in the epoch probably 


accounts for 


occur 


certain 
{ Axelrt cl, 


( ‘lk se Col rrelatives 


the restriction of 
southern California 
l¥44b, pp. 117-119). 


of modern coastal chaparral species oi 


S| ay * Tg 7 
species LO 


southern California have been recorded in 
Middle floras at the 
They apparently were confined to the 
coastal region as the Santa Monica Moun- 
tains, Puente Hills and Santa Ana Moun- 
tains were elevated and colder winters and 


Pliocene interior. 


hotter summers developed over interior 
southern California in latest Pliocene and 
Pleistocene times. This seems to account 
for the differentiation of the coastal and 
interior associations from the more 


eralized, ancestral Pliocene chaparral. 


ven- 


Desert 


The vegetation of the 
western United States, as typified by the 
floras of the Great Basin, Mohave and 
Sonoran Deserts, is now considered to be 
no older than Middle Pliocene ( Axelrod, 
1947). T 


rence of 


present desert 


This is suggested by the occur 
forest, woodland, chaparral and 
arid subtropical scrub vegetation over the 
region now desert into Lower Pliocene 
time. By the middle of the epoch trees 
were restricted largely to stream- and 
lake-borders over the lowlands which were 
now characterized by grassland and sub- 
desert communities of wide extent at a 
time when rainfall was less than 10 inches 
vearly. Semi-desert shrubs seem to have 
gradually displaced grassland as rainfall 
continued to decrease over the developing 
desert regions. 

The desert re 
gions in California apparently were part 


Mohave and Sonoran 
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of the same paleobotanical province into 
Middle Phocene time. This is suggested 
by the history of arid subtropical scrub 
vegetation in the Mohave area during M1- 
ocene and Members of 


this vegetation, as typified by fossil spe- 


Pliocene times. 


cies in such genera as Acacia, Bursera, 
Cardiospermum, Dodonaea, Ficus, Kar- 
winskia, Lysiloma, Pithecolobium, Pis- 
cidia, Randia, Sabal and Thouinia, were 
common here in the Miocene. They were 
reduced in numbers during the early Phio- 
cene and were largely relictual by the mid- 
dle of the epoch. They appear to have 
heen restricted southward to the warmer 
Sonoran region as winter temperatures 
were lowered and as summer rains were 
eliminated late in the epoch. The disap- 
pearance of these plants from the Mohave 
area, and the persistence there of hardier, 
microphyllous shrubs, gives to the Mohave 
Desert a distinctly shrubby aspect as com- 
pared with the arboreal character of the 
Sonoran. The Mohave Desert flora has 
a number of species in common with the 
Sonoran Desert, but these are mostly 
herbaceous and semi-woody plants, not the 
distinctive arboreal genera of 
tr pical scrub derivation. 

The flora of the Mohave Desert shows 
greater relationship to that of the Great 
Basin Desert. 


arid sub- 


Many of the plants com- 
mon to them are typical today of colder 
Since 


climate was sufficiently mild for the per 


regions and have holarctic affinities. 


sistence of arid subtropical scrub in the 
Mohave region into Middle Phocene time, 
it would appear that many of the Great 
Basin plants may have invaded the Mo- 
have lowlands only in the latest Pliocene 
and Pleistocene. Supporting evidence lies 
in the fact that the vegetation of the cen- 
tral and northern Great Basin area has 
had largely Arcto-Tertiary affinities from 
Oligocene the 


Plants of Arcto-Tertiary alliance are un 


time down to present. 
known from the Mohave lowlands, where 
the vegetation has been of Madro-Ter 
tiary character throughout the middle and 
later Tertiary. the the 


(creat 


Since floras of 


present areas of the Mohave and 
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Basin Deserts were largely distinct into 
Middle Phocene time, it would appear 
that their present affinities have been es- 
tablished more recently. This was pre- 
sumably during late Pliocene and Pleisto- 
cene times when cold-winter climate de- 
veloped over the Mohave region as the 
province was elevated and mountains were 
rapidly built up along its western border. 
The present flora of the Mohave Desert 
thus appears to be an ecotone. It con- 
tains older, hardy species of Madro-Ter- 
tiary derivation that became adapted to 
cold-winter climate, and plants of Arcto- 
lertiary alhance that seem to have in 
vaded the area only recently as cold-cli- 
mate developed over the province. 


DISCUSSION 


The histories of montane forest, wood- 
land, chaparral and desert vegetation out- 
lined above indicate that the major Ter- 
tiary floras of the western United States 
were differentiated into communities of 
essentially modern aspect largely by Mid- 
dle Phocene and succeeding climates. Dif- 
ferentiation apparently was in response to 
a trend toward lowered yearly rainfall, 
shifting seasonal distribution of rain, and 
increased ranges and extremes of tempera- 
ture. Under the impact of these ac- 
celerated post-Lower Pliocene climatic 
changes the Arcto-Tertiary and Madro- 
Tertiary floras lost their identity, since 
species formerly shared with other regions 
became extinct in certain areas of their 
early Pliocene distribution. As montane 
forest, woodland, chaparral and arid sub- 
tropical scrub were restricted in range as 
rainfall lessened, open steppe and sub- 
desert environments of subcontinental ex- 
tent came into existence over the warm- 
dry and cold-dry regions. Herbaceous 
and semi-woody plants which had a re- 
stricted distribution on the borders of 
Miocene and early Pliocene communities 
apparently spread widely and evolved rap- 
idly as these new regional environments 
were initiated. Only in latest Cenozoic 
time, in response to the development of 
more localized environments, were the 


modern plant formations fully segregated 
into the regional climaxes, the subregional 
associations and the more localized com- 
munities that now characterize western 
North America. 

The floristic evolution initiated during 
the Middle Pliocene has not been com- 
pleted, but is continuing at the present 
time. This is shown by inter-relation- 
ships displayed by the various modern 
communities of each plant formation over 
this region. The relationships between 
these living derivative communities of 
late Tertiary vegetation are expressed by 
the modern patterns of plant distribution. 
They occur not only in North America, 
but extend beyond to other continents in 
both latitudinal and meridional directions. 
These distribution patterns are considered 
to reflect the former occurrence of an- 
cestral Tertiary floras across the inter- 
vening areas. The modern patterns seem 
to have resulted from world-wide late Cen- 
ozoic climatic changes which differentiated 
generalized Tertiary floras into com- 
munities now having more restricted 
ranges. Three important patterns which 
seem to find an explanation in late Ter- 
tiary events are latitudinal, radial and 
meridional. 

Latitudinal pattern is exemplified by the 
present occurrence of similar communities 
in such widely separated areas as eastern 
North America and eastern Asia, west- 
ern North America and eastern Asia, or 
western Europe and North America. 
They are similar not only in having a 
large number of common genera, but also 
essentially similar species. Close relation- 
ship of many of these species that are 
scarcely differentiated morphologically 1s 
shown by the fact that some of the plants 
now on different continents are still capa- 
ble of producing fertile hybrids, even 
though their populations have been iso- 
lated since the Miocene (Stebbins, 1945, 
p. 85; 1947, p. 152). These latitudinal 
relationships can be accounted for only 
on the grounds of segregation of more 
widely spread and more generalized Ter- 
tiary vegetation, with subsequent extinc- 
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The fossil 
record shows that this has been the case, 


tion in the intervening areas. 


for these patterns find an explanation in 
the history and development of the Arcto- 
Tertiary Flora. 
by the 


Examples are provided 
) elimination of members of the 
East American and East Asian Elements 
from the western United States during the 
later Pliocene. The extinction of mem- 
bers of the West American, East Ameri- 
can and East Asian Elements in western 
Europe during the Middle and Upper Pli- 
ocene also is well-established, and repre- 
sentatives of the West American and East 
\merican from 


lements disappeared 


eastern Asia at the same time. The oc 
currence of identical and closely-related 
species common to two or more of these 
regions clearly attests to the former con- 
tinuity of the Arcto-Tertiary Flora across 
Holarctica, and the fossil record 
clearly that this has been the case 
(Chaney, 1940, figs. 1, 2). Subsidiary 
latitudinal patterns within limited regions, 
as shown by the relationships between the 
Redwood, North-coast Conifer, Sierra- 
Cascade and Rocky Mountain forests in 


shows 


western North America are expressions 
of continuing segregation through latest 
Cenozoic time into still more localized en- 
vironments, as discussed above. 

Radial pattern, as illustrated by species 
in the present arid regions of southwest- 
ern North America, finds an explanation 
in the history and development of the 
Madro-Tertiary Flora which spread radi- 
ally over southwestern North America as 
dry climate expanded in middle and later 
Tertiary times. The former continuity of 
the Madro-Tertiary communities recorded 
in the fossil record, such as oak-woodland, 
conifer-woodland, chaparral, sage and arid 
subtropical scrub, has been disrupted to 
the degree that the more arid, derivative 
desert vegetation of latest Cenozoic age 
now separates them. The modern distri- 
bution pattern shown by species in the 
arid communities across southwestern 
North America reflects late Cenozoic his- 
tory of the Madro-Tertiary Flora. This 
largely involved the elimination of species 
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formerly shared with other areas as lo- 
calized climates developed over the region. 
Examples of this climatic segregation in- 
clude the disappearance of fossil equiva- 
lents of modern Cape woodland endemics 
from southern California; the elimination 
of fossil equivalents of central California 
woodland species from central Nevada; 
the disappearance of fossil representatives 
of central California conifer-woodland 
species from southern California; the oc- 
currence in northern Texas, central Colo- 
rado, central Nevada, southern California 
and central California of fossil species 
whose nearest relatives are now in south 
ern Arizona and adjacent New Mexico; 
and the presence in California of fossil 
equivalents of species of modern north- 
Mexican distribution. If these ex- 
amples are considered individually one 
might assume that they represent no more 
than latitudinal (east-west) and meridi- 
onal (north-south) patterns. However, 
when they are all considered together they 
are clearly radial to one another, and to 
their general center of origin which was 
over southwestern North America. 
Radial pattern apparently exists else- 
where in the world, though the details 
are not now known. Arid sclerophyllous 
vegetation recorded in the middle and 
later Tertiary floras of southern Turke- 
stan, the 


east 


Mediterranean basin, southern 
Africa and South America, may well rep- 
resent Madro-Ter- 
tiary Flora of southwestern North Amer- 
ica, a major continental flora of low- 


counterparts of the 


middle latitude origin that developed un- 
der aridity during the Tertiary and spread 
radially with expanding dry climate. On 
this basis, the modern occurrence of arid 
Mediterranean plants in the mountains 
east of Lake Tchad, a region now sepa- 
rated from the Mediterranean basin by the 
North African desert region, might be 
attributed to a mid-Tertiary sclerophyllous 
flora that may have extended over the 
area now desert. 

Meridional pattern is exemplified by 
numerous species in the desert, sage, 
grassland and arid subtropical scrub vege- 







































tation in western North America. Many 
of the plants now making up these vege- 
tation types, which first appear in the 
Madro-Tertiary Flora, are represented 
by closely-related species in similar com- 
munities in South America. This dis- 
continuous pattern in distribution, which 
is now interrupted by a wide tropical belt, 
has been accounted for by north-south mi- 
gration along arid coastal strips and by 
lee-slope migration along Tertiary archi- 
pelagos extending across the tropics. The 
weakness of the first interpretation is that 
arid coasts have a greater extent today 
than at any time in the past. Since migra- 
tion of these arid plants is not now ef- 
fective along this route it seems unlikely 
that it could have operated during the Ter- 
tiary or Cretaceous, for throughout those 
periods moist, tropical climate was more 
widespread over lower latitudes than it is 
today. As for trans-tropic migration on 
lee slopes of Tertiary archipelagos, there 
is no clear evidence for the existence of 
north-south island chains. Trans-tropic 
migration along any land route seems un- 
likely for plants of arid requirements 
during the Tertiary because the interven- 
ing regiom was largely a lowland into late 
Cenozoic time, and of wet-tropical char 
acter. Commencing largely in the later 
Phocene and continuing through Pleisto- 
cene time, mountain building elevated the 
central cordilleran region many thousands 
of feet, and this was followed by the build- 
ing up of high voleanoes along the moun- 
tain chain. Although this orogeny pro- 
vided a means for north-south dispersal 
of mammals, it apparently did not affect 
materially the relationships between the 
floras of the dry regions north and south 
of the tropics. 

The meridional pattern shown by the 
dry-climate plants now on both sides of 
the tropics which have no (or few) in- 
tervening stations, may be explained on 
the basis of the differentiation of wider- 
ranging Tertiary prototypes in response 
to similar environments developing over 
the northern and southern parts of their 
areas during middle and later Tertiary 
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times. Andrews (1913; 1914) and Bews 
(1927) have demonstrated clearly the 
significance of gradually developing dry 
climate to the evolution of tropical floras. 
More recently, DuRietz (1940) has sug- 
gested that if a trans-tropic polymorphic 
group differentiated into closely similar 
forms at the north and south, trans-tropic 
migration would not be necessary to ex- 
plain certain distributional problems which 
involve the occurrence of closely-related 
species on both sides of the tropics.* 
With these concepts in mind, and re- 
calling that the Neotropical-Tertiary 
Flora extended across many degrees of 
latitude in the northern and southern 
hemispheres in early Tertiary time 
(Chaney, 1947), we have a clue to the 
probable evolution of similar modern 
vegetation as well as closely-related liv- 
ing species north and south of the tropics. 

With the gradual equatorward restric- 
tion of tropical vegetation as subhumid 
climate expanded over low-middle lati- 
tudes following the early Eocene, many 
initially tropical types of wide range may 
have become adapted gradually to new, 
border-tropical environments of varying 
character. Such plant formations as arid 
subtropical forest, subtropical savanna, 
arid subtropical scrub, grass, sage and 
warm-desert appear to have evolved suc- 
cessively on the northern and southern 
borders of the tropics as aridity increased 
over lower latitudes during the Tertiary. 
Available evidence suggests that arid sub- 
tropical forest and subtropical savanna 
were in existence by the end of Eocene 
time; arid subtropical scrub by the end 
of the Oligocene; and that grass, sage 
and sub-desert communities had a local- 
ized occurrence in the Miocene, and a 





* The writer does not accept DuRietz’s ap- 
plication of this hypothesis to his particular 
problem, which deals with a Cretaceous differ- 
entiation of primitive populations along trans- 
tropical highlands bridges to account for the 
occurrence of closely-related species in the cold- 
temperate climates north and south of the 
tropics. His general concept, however, seems 
to be a fundamental contribution to problems 
of plant distribution. 
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wide regional distribution in the Pliocene. 
From this standpoint, it is understandable 
that there are today many species-com- 
plexes that extend north-south from the 
wet tropics and into these derivative, arid 
tropical vegetations; that there are many 
species common to several of these plant 
formations ; and that there are closely-re- 
lated species in the desert, grass, sage 
and arid subtropical scrub vegetations 
north and south of the tropics which no 
longer have intervening tropical stations. 

Paired-species in such genera as Acacia, 
Caesalpinia, Condalia, and Prosopis which 
now occur in dry regions north and south 
of the tropics seem to have evolved 
through the adaptation of wider-ranging. 
tropical derivative prototypes to essentially 
similar environments developing on_ the 
borders of the 
tropics by middle Tertiary time. 


he occurrence of arid sub- 


northern and southern 
This ts 
suggested by { 
tropical scrub species of essentially mod- 
ern character in the early Miocene of 
southern California. A number of them, 
Acacia, Bursera, Caesal- 
Cardtosper- 


have close counter- 


in such genera as 


pinia, Colubrina, Dodonaea, 
mum and Prosopis, 
parts in living species in Mexico and in 
South America. Species of arid subtrop- 
from the 


Oligocene Florissant and Eocene Green 


ical alliance are known also 
River floras, but they are not as nearly 
related to the living species as those of 
Miocene age. This suggestion that some 
of the north-south relations of arid plants 
now on both sides of the tropics were al 
ready established by Miocene time finds 
support in a 


current paper by 


(1948), where he reaches a similar con 


Epling 
clusion as based on the relations of the 
tribe Lepechineae (Labiatae). In 
nection with the present interpretation of 
these north-south relations, it 


con 


should be 
added that certain insects of Neotropical 
origin also show a discontinuous distri- 
bution between the arid portions of North 
and South America (Linsley, 1939) ; they 
may have had a similar sort of history. 

\ number of the closely-related, semi 


wo dv and herbacec 1S plants in the Tass 
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land and desert areas at the north and 
south may have evolved in similar man- 
ner, but later in the Tertiary and probably 
during the Pliocene. It was only during 
this epoch that populations of grassland, 
sage and sub-desert communities could ex- 
ploit fully their genotypic potentialities. 
Earlier in the Tertiary these communities 
were relatively restricted in distribution, 
with ancestral species confined largely to 
the more localized environments on the 
sub-humid borders of the tropics where 
they probably were evolving slowly. The 
grassy and sub-desert communities appear 
to have been of generalized composition 
in late Tertiary time. This is suggested 
not only by the history of the different 
kinds of 
North above, but 
also by certain patterns of trans-tropic 
distribution. 


arid vegetation in southwestern 
America, as outlined 
There are species in sev 
North Amer 
ica that find their austral counterparts in 
similar restricted regions; 


eral areas in southwestern 


these include 
species common to California and Chile; 
to the Texas-Chihuahua region and north- 
ern and central Argentina; and to the 
Great Basin and the Argentine Andes and 
northern 1940). 
Such patterns seem explainable only on 


Patagonia (Johnston, 
the basis of the segregation of more gen- 
eralized Pliocene communities into similar 
local climates which developed north and 
south of the tropics in latest Cenozoic 
time. These meridional relationships were 
greater during the Pliocene than they are 
today, for fossil grasses from the High 
Plains find their nearest modern relatives 
in’ South (Stebbins, 1947, pp. 
153-154) ; they disappeared from North 
America in late Pliocene and Pleistocene 
times. 


America 


SUMMARY 

Fossil floras from California, the Great 
Basin and the High Plains suggest a mild 
and warm semiarid climate characterized 
the western United States during Middle 
Pliocene time. This climate seems suff 
ciently distinctive to provide a basis for 
inter-provincial correlation of dis-similar 
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types of vegetation. Warm climate also 
seems indicated for the mid-Pliocene of 
Europe and may form a means for wide 
correlation if substantiated by further in- 
vestigation. 

Middle Pliocene climate is inferred to 
have had an important role in evolution 
for it apparently initiated grassland and 
sub-desert environments of subcontinental 
extent. Genetically variable populations 
of herbaceous and semi-woody plants 
probably spread into these areas from 
more restricted semiarid habitats already 
existing on the borders of forest, wood- 
land and scrub vegetation where they had 
been evolving slowly during earlier parts 
of the Tertiary. Evolution in the newly- 
expanded Middle Plocene environments 
seems to have been rapid. The continued 
development of more localized environ- 
ments over the subcontinental dry regions 
during post-Middle Pliocene time pre- 
sumably had a selective role in differenti- 
ating various taxonomic categories. 

Middle Pliocene and succeeding cli- 
mates are considered to have been a major 
factor in the final breakup and segregation 
of major continental Tertiary Floras into 
restricted areas, and in their evolution 
into modern plant communities. Certain 
fundamental patterns in present-day plant 
distribution, termed latitudinal, radial and 
meridional, seem explainable on the basis 
of this late Cenozoic floristic evolution. 
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INTRODUCTION 


The horned dinosaurs or ceratopsians 
are of particular interest to the student of 
evolution for various reasons. In the first 
place these dinosaurs are restricted geo- 
logically. They were the last of the dino- 
saurs, appearing at a late stage in the 
Mesozoic Era and going through the en- 
tire range of their phylogenetic history in 
a relatively short space of geologic time. 
[t is therefore obvious that evolution in 
the horned- dinosaurs was comparatively 
rapid. Secondly, these dinosaurs are re- 
stricted geographically. Except for the 
ancestral forms which occur in Mongolia, 
the horned dinosaurs are, practically 
speaking, limited to the continent of North 
America. Therefore at the present time 
the horned dinosaurs may be considered 
as a group of north Asiatic origin and of 
North American development. In_ the 
third place, the horned dinosaurs show a 
consistent and rather limited pattern of 
morphological evolution, as might be ex- 
pected in a group of such restricted geo- 
logic limits and geographic distribution. 
In the light of these facts, how is the evol- 
ution of the horned dinosaurs to be inter- 
preted?) What conclusions can be drawn 
from the evidence of the fossils and of 
their occurrence ? 

Before becoming involved in a detailed 
consideration and discussion of the prob- 
lem before us it may be useful to review 
briefly at this place the classification of 
the ceratopsians, and in addition our 
knowledge of their geographic distribution 
and geologic occurrences. 


Classification 


The Ceratopsia constitute a suborder 
of the order Ornithischia. Other sub- 
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orders of this order of dinosaurs are the 
Ornithopoda, or duckbilled dinosaurs, the 
Stegosauria, or plated dinosaurs, and the 
Ankylosauria, or armored dinosaurs. All 
of the dinosaurs contained within the four 
suborders of the order Ornithischia are 
herbivorous types, and rather specialized 
in their morphology. 

The suborder Ceratopsia can be divided 
into two families, the Protoceratopsidae, 
or the primitive horned dinosaurs, and the 
Ceratopsidae, the large, specialized horned 
dinosaurs. The genera contained within 
the two families of ceratopsian dinosaurs 
are as follows. 


Protoceratopsidae 

Protoceratops, Leptoceratops 
Ceratopsidae 

Anchiceratops, Arrhinoceratops, 
Brachyceratops, Chasmosaurus, 
Ceratops, Eoceratops, Monoclo- 
nius, ?Notoceratops, Pentacera- 
tops, Styracosaurus, Torosaurus, 
Triceratops 


Of the above-listed genera, Brachy- 
ceratops possibly is synonymous with 
Monoclonius, the type species being based 
upon an immature individual that may be 
a growth stage of this last-named genus. 
(Whether or not Brachyceratops is a dis- 
tinct genus, the fact that it is now known 
only from immature material makes it 
rather unsuitable for the present study, 
which is concerned with a comparison of 
adult animals.) Ceratops, Eoceratops and 
Notoceratops are known from such in- 
sufficient materials as perforce to be ex- 
cluded from a discussion of ceratopsian 
evolution. Therefore, for these reasons 
the genera Brachyceratopst Ceratops, Eo- 
ceratops and Notoceratops will not be in- 
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cluded in the treatment of the 


Ceratopsia. 


present 


Geographic distribution 


As mentioned above, the ceratopsians 
are essentially a group of North American 
development. Protoceratops, the struc- 
tural ancestral type for the Ceratopsia, 1s 
known from abundant materials found in 
Mongolia. Pentaceratops has also been 
recorded from Mongolia, but upon the 
basis of a single small element from the 
frill of the skull—the epoccipital. The 
\ otoceratops, von 
Huene from South America, is, as already 


genus described by 
mentioned, founded upon such insufficient 
materials as to be of little value. 

The remaining genera of ceratopsians, 
including the well defined type species of 
Pentaceratops, are found in the western 
portion of North America, in Cretaceous 
sediments of the Rocky Mountain region. 
Thus, these fossil reptiles are found in a 
long north and south belt, extending from 


Alberta 


Lance 


Edmonton 
Upper 
Cretaceous — -— 


Montana 
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that the Djadochta is no later in age than 
the Belly River formation of North Amer- 
ica, and it is possibly slightly older than 
the Belly River. 

In.North America the Ceratopsia are 
distributed in three successive _ strati- 
graphic horizons of Upper Cretaceous age. 
The lowest of these levels comprises sedi- 
ments of the Belly River series in Alberta, 
and the Two Medicine and Judith. River 
formations in Montana. In the middle 
level are the Edmonton formation of Al 
berta and the Kirtland and Fruitland for- 
mations of New Mexico. Finally, the up 
per level, the last phase of Cretaceous 
North America, 
sists of the Lance and Hell Creek forma- 
tions of Montana and Wyoming, the Den- 
ver and Arapahoe beds of Colorado and 
the Ojo Alamo and McDermott forma- 
tions of New Mexico. 


sedimentation in con 


The relationships of these ceratopsian- 
bearing formations can be indicated as 
shown on the following correlation chart. 


Wyoming Colorado New Mexico 
Denver 


Arapahoe 


Lance 


Hell Creek 


Ojo Alamo 
McDermott 
Kirtland 
Fruitland 


Belly River | Two Medicine 
Judith River 


Djadochta 


northern Coahuila and southern Texas 
and New Mexico on the south well into 
Alberta on the north. 


Geologic range 


The ceratopsian dinosaurs are confined 
to the upper part of the Cretaceous pe- 
riod, even in their most primitive mani- 
In Mongolia, Protoceratops 
occurs in the Djadochta formation, a Cre- 
taceous horizon that upon the basis of 
present knowledge is difficult to correlate 
with possible equivalents in North Amer- 
ica and Europe. 


festations. 


It is probable, however, 





ADAPTIVE RADIATION IN THE HORNED 


DINOSAURS 


It was said in the introduction to this 
paper that the ceratopsian dinosaurs show 
a consistent and limited pattern of mor- 
phological evolution during their geologic 
history, and this fact must be kept in mind 
in a review of the group. It ts probably 
correct to say that in the post-cranial evo- 
lution the ceratopsians are on the whole 
fairly conservative; the skeletons of the 
last and largest of the horned dinosaurs 
are essentially large editions of the skele 
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ton of Protoceratops, the ancestral type, 
with of course the consequent changes in 
proportions that take place as a result of 
growth in size, changes made necessary 
because of weight problems. It is in the 
skull that adaptive radiation in the Cera- 
topsia becomes most apparent, and even 
here it is not a phylogeny involving great 
and profound changes. Rather, the pat- 
tern of evolution in the ceratopsian skull 
is a consistent one; or to use a musical 
comparison, it is composed of variations 
on a theme. 

Before going into the problem of adap- 
tive radiation in the Ceratopsia as demon- 
strated by the skull it may be well to re- 
view briefly the evolutionary trends in the 
skeleton as a whole. The structural de- 
sign for the ceratopsian dinosaurs, estab- 
lished in the genus Protoceratops, is that 
of a quadrupedal ornithischian, with an 
extremely large skull, of which the pos- 
terior dorsal bones are extended to form 
a frill over the neck and shoulder region. 
In following this structural type from 
Protoceratops to the ceratopsians of Lance 
times there is a considerable increase in 
size, an evolutionary trend that is general 
among all of the dinosaurs, and various 
developments in skull morphology, devel- 


opments that will be discussed in some 
detail below. Moreover, there are certain 
changes in proportions in the post-cranial 
skeleton ; for instance in the evolution of 
the ceratopsians there is a definite pro- 
portional shortening of the tail and of the 
limbs. Nevertheless, the basic design 
holds from the beginning of this evolu- 
tionary line to the end, and the changes 
that take place affect the details of the de- 
sign without changing its fundamental 
characters. 

The points mentioned above are illus- 
trated by figure 1, based upon measure- 
ments of skeletons in the genera Proto- 
ceratops, Monoclonius and Triceratops. 
It can be seen from this figure that the 
skull in the ceratopsians was large from 
the beginning—indeed, it is interesting to 
note how the proportional size of the 
skull held to an approximate constant dur- 
ing the adaptive radiation of these dino- 
saurs. The proportional shortening of 
the tail and of the limbs are trends that 
would be expected to accompany increase 
in size; they are part of a picture of cor- 
related changes in body proportions from 
light animals capable of fairly rapid move- 
ments, to heavy, ponderous beasts. It is 
known that the ancestral dinosaurs were 
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Fic. 1. Skeletal proportions in three genera of Ceratopsia. The length of the back, from 
the occipital condyle of the skull to the acetabulum of the pelvis, is taken as the unit basis for 


comparison. 
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thoroughly bipedal, and that there was a 
secondary reversion to quadrupedalism in 
most of the forms that showed definite 
size increases. Such an_ evolutionary 
trend was inevitable as an adaptation to 
the need for more powerful support im 
the front quarters for an ever-increasing 
body weight. Figure 1 shows that this 
trend to quadrupedalism in the ceratop- 
sians was brought about, not by a relative 
increase in the size of the forelimbs, as 
has often been stated, but rather by a 
relatively great decrease in the size of the 
hindlimbs. As can be from this 
figure, both fore and hindlimbs suffered 
a reduction in relative size in the evolu- 
tionary sequence from Protoceratops to 
lriceratops, but whereas the relative de- 
crease of the forelimbs was slight, that of 
the hindlimbs was very marked. The net 
effect, of course, was that of enlarge- 
ment of the forelimbs as compared with 
the hindlimbs. 

Such were the general trends in the 
postcranial evolution of the ceratopsians. 
Let us turn now to a consideration of the 
evolution of the skull. 

In Protoceratops the skull is thoroughly 
ceratopsian. 


seen 


[t is extremely large in com- 
parison with the skeleton as a whole. It 
is deep, and anteriorly the front of the 
skull and of the lower jaws is compressed 
into a sort of parrot-like beak. In all of 
the ceratopsians except Protoceratops and 
Leptoceratops this beak is thoroughly 
edentulous and bird-like, but in these two 
comparatively primitive genera small pre- 
maxillary teeth are retained. Moreover, 
the maxillary and dentary teeth on the 
sides of the jaws in Protoceratops and 
Leptoceratops are simpler than in the 
more advanced genera. But these are de- 
tails of no great significance in this present 
study. Of more importance is the fact 
that in Protoceratops there is a well de- 
veloped fenestrated frill on the back of 
skull, which in life served primarily for 
the insertion of powerful neck muscles, 
and secondarily as protection for the cer 
vical region. In the fully adult Protocera- 
tops this frill is proportionately almost 
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as large as it is in some of the later cer- 
atopsians. The ontogeny of the frill is 
known in Protoceratops, and this shows 
that the frill underwent a great propor- 
tional increase during development from 
the newly hatched individual to the ma- 
ture adult. Finally, there are no horns on 
the skull in Protoceratops, a distinct con- 
trast to the condition in all other ceratop- 
sians. 

In tracing the adaptive radiation of the 
ceratopsian skull beyond Protoceratops, 
we can follow several evolutionary trends 
developing simultaneously. These are: 

1. Reduction and final supression ol 
the premaxillary teeth. 

2. Changes in the proportion of the frill. 

3. Changes in the fenestration of the 
frill. 

4. Development of nodes and spikes on 
the edges of the frill. 

5. Development of the nasal horn. 

6. Development of the 
horns. 


supraorbital 


From Protoceratops, taken as the cen- 
tral ancestral type, the ceratopsians would 
seem to show a dichotomy so far as the 
evolution of the skull is concerned, and 
this dichotomy of the ceratopsians had 
taken place by Belly River times. On the 
one hand, there was an evolutionary line 
characterized by a rather short frill, a 
line typified by the genera Brachyceratops, 
Monoclonius, Styracosaurus and Tricera- 
tops. 


in which the frill became relatively long, 


The other line of evolution was that 


and this line is typified by the genera 
Chasmosaurus, Anchiceratops, Arrhino- 
ceratops, Pentaceratops and Torosaurus. 

The differences in proportional frill 
length in these two evolutionary lines are 
not great, but they are none the less well 
defined when analyzed. In the first 
group, those genera with the short frill, 
the frill, or more properly that portion of 
the skull behind the orbit, has a length less 
than or at the most, equal to the length 
of the skull in front of the orbit. In the 
long-frilled line, on the other hand, the 
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postorbital length of the skuil is consider- 
ably greater than the preorbital length. 
In both short-frilled and long-frilled 
lines the frills are fenestrated, except in 
the genus Triceratops, which has a solid 
frill. There is every reason to think, how- 
ever, that the solid frill of Triceratops 
evolved from a fenestrated frill. Lull has 
suggested that the fenestrae in the two 
lines of ceratopsians were independently 
derived. In the short-frilled phylum the 
fenestrae, according to Lull, probably 
were formed by a perforation of the 
parietal bones, because in the genera be- 
longing to this group the fenestrae are 
contained entirely within the parietals, a 
condition established in Protoceratops and 
continuing to Triceratops, in which form 
the fenestrae are secondarily closed. In 
the long-frilled phylum, according to Lull’s 
suggestion, the fenestrae were formed by 
the manner in which the parietal bone 
grew back and laterally to join the squa- 


Inesat Brow | 
Horn Horn 


TRICERATOPS 


mosal. “Ancestrally, therefore, the outer 
limit of the fenestra must have been the 
squamosal. At the anterior end of the 
fenestra, behind the supratemporal open- 
ings, a plate of bone extends laterally to 
join the squamosal near its anterior end, 
and from these transverse portions of the 
parietal, branches developed forward and 
backward, as the case may be, extending 
along the squamosal until they met in an 
overlapping suture which, at any rate in 
Chasmosaurus, failed to fuse and in one 
case failed to meet. This now excludes 
the fenestra from contact with the squa- 
mosal and the aperture thus formed is 
persistent throughout the recorded history 
of the phylum.” (Lull, 1933, p. 24.) 
Whether or not one accepts Lull’s idea 
of an independent origin for the parietal 
fenestrae in the two lines of ceratopsians, 
there is no doubting the fact that these 
fenestrae were persistent through ceratop- 
sian history. 
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Ic. 2. 


Proportions of certain parts and elements of the skull in various genera of Ceratopsia. 


The short frilled genera, Monoclonius and Triceratops, and the long-frilled genera, Chasmo- 
saurus, Pentaccratops and Torosaurus, are arranged in geologic sequence as they diverge from 
the earliest and most primitive genus, Protoceratops. The preorbital length is taken as the unit 


basis for Comparison. 
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Except for Protoceratops, the ceratop- 
sian dinosaurs are characterized particu- 
larly by the development of horns and 
spikes on the skull. There is always a 
nasal horn and it may be large or small. 
Generally there is a pair of supraorbital 
horns, one above each eye, although in 
some genera these may be so small as to 
be almost nonexistent. Occasionally there 
are spikes or nodes around the edges of 
the frill. 

To consider first the spikes and nodes 
on the frill, these are plainly separate 
dermal ossifications that during individual 
growth became fused to the edge of the 
frill. 
distinctive osteological name and are called 
the epoccipital bones. They appear earl) 
in ceratopsian evolution, being character 
istic of the Belly River genera Chasmo- 
saurus, Monoclonius and Styracosaurus ; 
indeed, in this last genus they reach the 
culmination 


As such they have been given a 


of their development and 
form long spikes, radiating laterally and 
posteriorly from the frill. Subsequent to 
Belly River times the epoccipitals seem 
to have suffered on the whole a retrogres- 
sive trend in evolution, and in most of the 
later genera they became much reduced 
or even disappeared, during which process 
the edge of the frill either remained crenu- 
lated, or in the later forms became smooth 
and straight. In Triceratops of Lance 
times, the epoccipitals were retained. 
The development of the nasal and brow 
horns is more difficult to interpret than 
that of the epoccipitals. Brown and 
Schlaikjer have shown that in Protocera- 
tops, even though there are no horns. 
there is a very distinct uparching of the 
nasals in old individuals, a morphologic 
development that might subsequently lead 
to the formation of a nasal horn. In 
Leptoceratops the nasals grow and _ be- 
come conjoined to form a well-developed 
horn core, and this process is continued 
Both of 
these genera show that the horn core is 
formed by the upgrowth and union of 


in the genus Brachyceratops. 
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the nasal bones into a single, solid struc- 
ture. Moreover, in Brachyceratops there 
is on each side a terminal ossicle at the 
end of the nasal horn, indicative of a der- 
mal element with a separate center of 
ossification. 

and 
characterized by large nasal horns, these 


In Monoclonius Styracosaurus, 
horns seem to be formed by an upgrowth 
of the nasal bones, as in Brachyceratops, 
and the same would appear to be true of 
the small nasal horns in the various “long- 
frilled” genera of Ceratopsia. In Tricer- 
atops the nasal horn is small or of medium 
size. Brown and Schlaikjer have main- 
tained that the nasal horn is  suturally 
distinct from the this 
has led them to think that in this genus 


nasal bones, and 
there was a regression of the expanded 
nasal bones and the development of a 
new nasal horn from dermal ossicles, sim- 
ilar to those seen in Brachyceratops. Ac- 
cording to this interpretation, then, the 
nasal horn of Triceratops is not strictly 
homologous with the small nasal horn of 
the various long-frilled genera of ceratop- 
sians. As against this, however, is re- 
cent evidence obtained from some material 
of Triceratops collected by Mr. Charles 
M. Sternberg of the National Museum of 
Canada. The new material, which for- 
tunately includes the nasal horn of a 
young Triceratops, shows that the horn 
in this genus is formed, just as in the case 
of other ceratopsian genera, by an up- 
growth of the conjoined nasal bones. 
Upon the basis of this new evidence, 
therefore, it is reasonable to suppose that 
the nasal horn can be homologized 
throughout the known genera of ceratop- 
sians, and that in all cases it is formed 
by an upgrowth of the conjoined nasal 
bones. Consequently, it is necessary to 
assume that in the sequence from Mono- 
clonius to Triceratops there was a con- 
siderable regression in size of the nasal 
horn. 

The nasal 
these dinosaurs can be outlined as follows. 


evolution of the horn in 
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Long-frilled Ceratopsidae 





Small nasal horn 


Small nasal horn, formed by 
upgrowth of nasals 
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Short-frilled Ceratopsidae 





Small to medium sized nasal horn 
Regression of nasal horn 


Enlarged nasal horn, formed by 
upgrowth of nasals 


t 


( Nasals expanded and grown together 
to form a small nasal horn 


Protoceratopsidae 


t 


| Nasal bones arched, but not forming 


a true horn 


The brow horns, according to Brown 
and Schlaikjer, are in each case formed 
by an upgrowth of the postorbital bone 
above the eye. In Leptoceratops and 
Brachyceratops the brow horns are quite 
small, and they remain small in the Belly 
River genera having very large nasal 
horns, namely Monoclonius and Styraco- 
saurus. In the other genera of ceratop- 
sians, however, the brow horns show a 
progressive increase in size, while there 1s 
a regression of the nasal horn, as in 
Triceratops, or a lack of growth in the 
nasal horn, as in the long-frilled cera- 
topsian genera. In this connection it ts 


interesting to see that among the earlier 
long-frilled forms, such as Chasmosaurus, 
with rather small brown horns, the nasal 
horn is moderately large, whereas, in the 
late genera such as Torosaurus, with very 
large brow horns, the nasal horn is rela- 
tively very small. A suggestive parallel 
to this is to be seen within the genus Tri- 
ceratops. Those species having the small- 
est brow horns have the largest nasal horn, 
while those forms having the largest brow 
horns have the smallest nasal horns. . It 
would appear that there was a correlation 
in horn development throughout ceratop 
sian evolution, whereby an increase in the 


TABLE 1. Diagram of horn and frill evolution in ceratopsians 
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nasal horn retarded development of the 
brow horns, while an increase in the brow 
horns retarded the nasal horn. 

From the foregoing discussion we see 
that the ceratopsian skull followed two 
simultaneous lines of adaption during up- 
per Cretaceous times and within each of 
these lines there were adaptational trends. 
Perhaps the discussion can be outlined in 
a diagrammatic way as follows (table 1). 

EVOLUTIONARY RATES OF THE 
CERATOPSIA 


Among the dinosaurian suborders the 
Ceratopsia were the most limited in their 
time range, being restricted to the upper 


The anky- 


losaurs were almost as restricted, but their 


part of the Cretaceous period. 


evolutionary history did extend through- 
out the full extent of 
while 


Cretaceous times, 


the other suborders persisted 
through at least parts of two Mesozoic 
periods, and in some cases, through the 


A conmi- 


parison of the time ranges in the six rec- 


entire range of the Mesozoic era. 


ognized dinosaurian suborders can be 


shown in tabular form. 
lriassi 

Order Saurischia 

Suborder Theropoda 

Suborder Sauropoda 
Order Ornithischia 

Suborder Ornithop da 

Suborder Stegosauria 

Suborder Ankvlosauria 
Subordet Ceratops i 

\ broader comparison will show that 
ort 


dinosaurs. but also a 
short-lived group of reptiles. 


the ceratopsians were not only a sl 
lived 


suborder ot 


In the en 


tire history of reptilian evolution there are 
ew groups of subordinal rank with so 
restricted a time range. Moreover in 
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other restricted groups, the restriction is 
more apparent than real, generally being 
due to the inadequacy of the fossil record 
rather than to the brevity of the phylo- 
genetic history. Such, for instance, is 
true with regard to the eunotosaurs from 
the Permian of South Africa, known from 
a single genus, or to the mesosaurs from 
the Lower Permian of South Africa and 
South America, known from three genera. 
Our knowledge of ceratopsian evolution, 
on the other hand, is fairly complete, and 
while future discoveries may fill in many 
details it can safely be said that they will 
not extend the geologic range of the group 
to any appreciable extent. 

As a matter of comparison, among the 
persisting reptiles, pleurodire and crypto- 
dire turtles date back to Cretaceous and 
Jurassic times respectively, the eusuchian 
crocodiles to the Jurassic, the rhyncho- 
cephalians to the Triassic, and the lizards 
and snakes to the Cretaceous. There is 
reason to think that the history of the 
lizards and snakes extends back into Ju 
rassic times. 

This means that evolutionary rates in 
the ceratopsian dinosaurs were rapid, even 


}urassic 


Cretaceous 


allowing for the fact that this is a group 
in which the amount of evolutionary de- 
velopment was rather limited. Perhaps 
this tact can best be 1llustrated by compar- 
ing the evolution of size, as measured by 
total length in the ceratopsian dinosaurs 


and in the other lines of dinosaur evolu- 
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Fic. 3. Adaptive radiation of the Ceratopsia, as shown by evolution in the skull. The evolu- 
tionary line to the left is that of the long-frilled ceratopsians, the one to the right, that of the 
short-frilled ceratopsians. Modified from Lull, 1933. All figures approximately to the same 


scale. 


tion, with duration of geologic time. This 
is shown by the graph, figure 4. 

In this chart it can be seen that the 
Ceratopsia progressed from adult animals 
having lengths of about two meters to 
adult animals having lengths of about 
seven meters, and this size increment took 
place within the 15 or 20 million years 
that is here assigned to the upper part of 
the Cretaceous period. 

In contrast with this, the ormithopod 
dinosaurs showed a similar size incre- 
ment that extended over a period of time 
about three times the length of that re- 
quired for the entire evolution of the 
ceratopsians. The armored dinosaurs, be- 
ing relatively slowly evolving types at 
least so far as increase in size is con- 
cerned, showed a very small increment in 





a period of time that was roughly twice 
the length of ceratopsian evolutionary his- 
tory, while the stegosaurs or plated dino- 
saurs also showed a smaller size incre- 
ment occupying a greater time lapse than 
is seen in the ceratopsians. The theropod 
dinosaurs showed a length increment of 
from two to 14 meters in the time inter- 
val between the upper Triassic and the 
end’ of the Cretaceous, a large size in- 
crease but at a rather moderate rate, since 
a greater part of the Mesozoic period was 
involved in its completion. The sauropod 
dinosaurs showed a size increment of 
from about six meters in the upper Trias- 
sic to 18 meters or more in the upper 
Jurassic, an evolutionary rate that is, in- 
terestingly enough, closely parallel to that 
for the ceratopsians, 
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This comparison of evolutionary rates 
in the six suborders of dinosaurs 1s con- 
cerned with total length only. It would be 
desirable to have other quantitative com- 
parisons, but such comparisons would be 
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difficult to obtain. For instance, a com- 
parison of body masses would be en- 
lightening, and if it could be made with 
any degree of certainty would be more in- 
dicative of evolutionary rates in the dino- 
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bic. 4. A comparison of evolutionary rates, 


specialized genus, thus giving an approximate 


North American Mesozoic sequence are shown. 


SIZE (LENGTH) 


as based upon total lengths, in the suborders of 
dinosaurs. In each suborder a straight line connects an early, primitive genus and a late, 


the suborder. The more nearly horizontal the line, the higher the rate of evolution as regards 
size increase. Time is in millions of years, size in meters. Characteristic formations in the 
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Fic. 5. The evolutionary rate, as based upon total lengths, in the phylogenetic line from 
Protoceratops (Djadochta) through Monoclonius (Belly River) to Triceratops (Lance). 


saurs than the comparison of length. But 
such a comparison would involve esti- 
mates of body weiglits in each case, and 
would thus be subject to a large degree of 
error. To carry the comparisons down 
to individual parts of the body, such as 
the skull, or the legs, 1s virtually 1m- 
possible, because of the highly varied and 
different adaptations in the dinosaurs that 
make direct comparisons like these almost 
useless. Even this simple comparison of 
lengths must not be taken too literally. 
For instance, the assignment of time dura- 
tions within the Mesozoic periods are 
rather arbitrary, and this fact must be kept 
in mind. Moreover, the representation 
of evolutionary rates as straight lines con- 
necting in each case a small early repre- 
sentative of each suborder with a large 
late form is not strictly correct. Where 
we have the evidence of intermediate 
forms, such as in the ceratopsians or the 
theropods, we know that evolution in size 
was comparatively rapid during the first 
part of the sequence, and relatively slow 


during the later phases of phylogenetic 
history. But since intermediate forms are 
not known in all of the phylogenetic lines 
under consideration, this method of show- 
ing merely early and late representatives 
connected by a straight line is used to 
indicate the average rate of evolution. 

[In this connection it may be interesting 
to attempt an analysis of the evolutionary 
rate of length increment within the phylo- 
genetic sequence running from Protocera- 
tops through Monoclonius to Triceratops. 
This sequence, as pointed out above, prob- 
ably represents a valid evolutionary line, 
and it is a sequence in which complete 
skeletons of the genera concerned are well 
known. 

It skeletal lengths of typical examples 
of the three genera named above are 
plotted against their approximate positions 
in Cretaceous time, a curve—not a straight 
line—is obtained. This curve represents 
the rate of increase in total length in the 
short-frilled group of ceratopsians through 
geologic time, and it shows that in the 
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earlier phases of the phylogenetic history 
of these animals there was a rapid increase 
in length, while in the later phases of the 
history the rate became appreciably slowed 
down. Thus, Monoclonius which prob- 
ably was not far removed from Proto- 
ceratops in time, was many times larger 
than the Mongolian genus, whereas 77r!- 
ceratops, probably separated from Mono- 
clonius by a considerable time lapse, was 
not a great deal larger than this latter 
genus. 

The shape of the curve is, of course, 
governed by the assumptions made as to 
relative lengths for the various segments 
of geologic time involved in the compari- 
son, namely those time lapses during 
which the Djadochta, Belly River, Ed- 
monton and Lance formations were de- 
posited. But upon the basis of any rea- 
sonable assumption as to the duration of 
upper Cretaceous time, founded upon our 
knowledge of stratigraphic relationships 
in the several continental areas, it seems 
logical to suppose that some sort of a dif- 
ferential rate of increase in this phylo- 
genetic line will be the result. 

There is nothing surprising in this ; in- 
deed, the picture of a rapid increase in 
size during the earlier phases of evolu 
tionary history in the Protoceratops 
Triceratops line followed by a distinct 
slowing down of size increase during the 
later portions of the sequence, is in line 
with what we know about many other ex- 
amples of phylogenetic history. While 
a more or less constant rate of evolution is 
frequently found in the study of phylo- 
genies as based upon fossil materials, it 
is not at all uncommon to find lines in 
which evolutionary rates show profound 
differences at different stages of geologic 
time. We often see a phylogenetic line 
evolving very rapidly during the early 
phases of its history, only to slow down, 
and at times to become almost static, once 
it has become well established. 

The ceratopsians as a group provide 
an example of this phenomenon. We do 
not know ceratopsian history with any de- 
gree of certainty prior to the appearance 
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of Protoceratops. It would seem prob 
able, however, that the basic transitions 
from a generalized ornithischian dino- 
saur to the primitive ceratopsian stage as 
represented by Protoceratops were made 
with great geologic rapidity; in other 
words, there was a period during which 
quantum evolution established the cera- 
topsian adaptational pattern. From Pro- 
toceratops the development of specialized 
ceratopsian adaptations was also rapid; 
not much time was involved in the trans- 
ition from a small, hornless ceratopsian 
to a giant, horned ceratopsian. After this 
last stage was attained, however, evolution 
was comparatively slow, and, as pointed 
out above, it involved mainly a limited in- 
crease in size and various adaptational 
changes in the structure of the skull. 


(GEOGRAPHIC LIMITATIONS OF THE 
CERATOPSIA 


Why should the Ceratopsia, with the 
exception of Protoceratops, be confined to 
the continent of North America? Does 
this represent a condition that prevailed 
during the upper part of the Cretaceous 
period, or is the limitation of the cera- 
topsians to North America, as based upon 
our present information, more apparent 
than real, being the result of accidents in 
preservation with a resultant imperfect 
knowledge of the fossil record? Let us 
turn first to the problem of absences of 
ceratopsians in the fossil record, and their 
significance. 

The remains of Protoceratops in the 
Djadochta formation of Mongolia con- 
stitute abundant evidence as to the pres- 
ence of ceratopsians in Asia during the 
opening phases of upper Cretaceous times. 
Sut beyond Protoceratops our published 
information as to the presence of the 
Ceratopsia in Asia is limited to a single 
fragment, identified by Gilmore some 15 
years ago as the epoccipital from the frill 
of a Pentaceratops—iike dinosaur. This 
is indeed slender evidence, but slight as 
it is, it appears to be valid. The bone was 
found at Baiying Bologai, Mongolia, a 
locality of which the geologic horizon has 













































never been accurately determined. It may 
be later than the Djadochta in time, but 
if so it represents our first inkling as to 
Cretaceous sediments that were laid down 
in Mongolia subsequent to the deposition 
of the Djadochta formation. All of the 
other Cretaceous horizons described are 
as old as or older than the Djadochta. 

Thus we find ourselves against a blank 
wall in an effort to follow the later history 
and distribution of the Ceratopsia in Asia. 
To date, the Djadochta formation is the 
latest Cretaceous formation in Mongolia 
containing an identifiable fauna, and this 
yields the most primitive of the ceratop- 
sians. It is quite possible that ceratop- 
sians were present in northeastern Asia 
in the later phases of the Cretaceous pe- 
riod, but this is a question that will have 
to wait on future discoveries for its solu- 
tion. 

While the future discovery of later 
Cretaceous ceratopsians in Asia is here 
considered as probable, the discovery of 
these animals in the upper Cretaceous 
sediments of Europe is here considered as 
unlikely. Upper Cretaceous dinosaur- 
bearing beds are now known in various 
parts of Europe, and although these sedi- 
ments carry remains of various other sub- 
orders of dinosaurs, there are no evidences 
in them of ceratopsians. Similarly, the 
upper Cretaceous dinosaur-bearing sedi- 
ments of Africa, so far as they are known, 
do not reveal the presence of ceratopsians 
in their contained faunas. Therefore, the 
absence of ceratopsians in the upper Cre- 
taceous of Europe and of Africa is re- 
garded as representing a probable real 
absence of these animals at that time, 
rather than an imperfection of the fossil 
record, as is very likely the case in north- 
eastern Asia. 

Turning now to South America we 
find one ceratopsian, described by von 
Huene upon the basis of a fragment of a 
mandible. But this specimen is so poorly 
preseved that its assignment to the Cer- 
atopsia cannot be considered as beyond 
question. Consequently the presence of 
ceratopsians in the upper Cretaceous of 
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South America must at the present time 
be regarded as a debatable point. It may 
be the result of imperfections in the fossil 
record, or it may be a real absence. 

So we see that the Ceratopsia were, in 
the light of our extant knowledge, essen- 
tially a North American group of reptiles. 
They very possibly were present in north- 
eastern Asia in uppermost Cretaceous 
times, but this is at the present time mere 
speculation. They very probably were not 
present in Europe or Africa, and probably 
not in South America, either. Granting, 
then, for the sake of the present considera- 
tion, that the ceratopsians above the evo- 
lutionary level of Protoccratops were con- 
fined to North America, what can we de- 
duce from their geographic distribution 
in this region? 

In North America the ceratopsians are 
known at the present time from the 
western Great Plains and Rocky Moun- 
tain regions, the localities at which these 
reptiles have been collected being con- 
tained within an area including Alberta, 
Saskatchewan, Montana, the Dakotas, 
Wyoming, Colorado, New Mexico, west- 
ern Texas and Coahuila. Within this 
area are most of the continental upper 
Cretaceous exposure in North America. 
Therefore, it seems evident that discover- 
ies of ceratopsian dinosaurs in North 
America have been limited to the regions 
listed above primarily because of the 
limitations of the areas of exposures in 
which such dinosaurs might well be ex- 
pected. Now it is an interesting fact 
that other upper Cretaceous dinosaurs 
have been found in scattered localities out- 
side of the Great Plains—Rocky Moun- 
tain region. For instance, hadrosaurs 
have long been known from the Cretace 
ous of New Jersey, and recently hadro- 
saurian remains have been excavated in 
California. It must be remembered, how- 
ever, that the hadrosaurs were semiaquatic 
dinosaurs and their fossils are to be ex- 
pected in beds of marine origin where the 
fossils of upland ceratopsians would not 
be preserved. It is certain that the hadro- 
saurs found in New Jersey come from a 
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marine facies, probably an off-shore de- 
posit, and the same may be assumed for 
the material from California. 

Therefore it might be assumed that the 
absence of ceratopsians from the Creta- 
ceous of New Jersey, for instance, is the 
result of the imperfection of the record— 
that these off-shore marine sediments have 
vielded hadrosaurs because the hadrosaurs 
were water-loving dinosaurs, and have not 
yielded the remains of ceratopsians be- 
cause the horned dinosaurs were upland 
forms. But as against this assumption is 
the fact that certain carnivorous theropods 
have been found in the Cretaceous of N 
Jersey and these were upland dinosau. 
as were the ceratopsians. Is it possible, 
then, that the absence of ceratopsians 
from the Cretaceous of eastern North 
America represents a real absence of these 
animals from this region during upper 
Cretaceous times? Is it possible that the 
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confinement of the ceratopsians to the 
western Great Plains—Rocky Mountain 
area represents more or less the actual 
distribution of these dinosaurs during the 
geologic ages in which they were living? 

According to paleogeographic evidence 
it would seem that an arm of the sea ex- 
tended from the gulf region northward 
through the western Great Plains area 
during upper Cretaceous times. During 
the later phases of the upper Cretaceous 
period, at a time about equivalent to that 
of Belly River sedimentation, this sea arm 
or embayment was rather large, extending 
far north into Canada and to the east over 
the northern Great Plains states. By the 
end of Cretaceous times, however, during 
the period of Lance sedimentation, this 
arm had diminished to a narrow 
trough extending northwardly through 
eastern New Mexico and Colorado and 
Nebraska and the Dakotas. It 
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The known distribution of Belly River and Edmonton ceratopsians and the 
extent of the Pierre Sea, in middle Upper Cretaceous times. 
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Fic. 7. The known distribution of Lance ceratopsians and the extent of the Lance 
(Cannonball) Sea, in late Upper Cretaceous times. 


barely crossed the Dakota border into 
Saskatchewan and Manitoba. 

Now it is interesting to see that the 
sediments in which ceratopsians have been 
discovered lie along the western border 
of this epeiric seaway, in regions that dur- 
ing upper Cretaceous times were conti- 
nental areas. None of the ceratopsian- 
bearing sediments are to be found to the 
east of the marine incursion. 

Is it not possible, therefore, that the 
upper Cretaceous sea formed a barrier to 
the eastward spread of the ceratopsians? 
If it is assumed that the presence of Pro- 
toceratops in Mongolia indicates a north- 
ern Asiatic center of origin for the cera- 
topsians, then it can further be assumed 
that during upper Cretaceous times these 
dinosaurs migrated or spread from their 
Asiatic point of origin to the east, across 
the Bering region and down into western 
North America, from whence they were 


prevented from extending their range di- 
rectly eastward by the sea barrier, and to 
the northeast, around the upper end of the 
seaway, by adverse climatic conditions. 
On the basis of the known facts, such as 
a conclusion appears to be logical. 

In this connection it is interesting to 
note the known distribution of the ceratop- 
sians in North America in Belly River, 
Edmonton and Lance times, respectively 
(table 2). In the Belly River, the horned 
dinosaurs are confined to an area in south- 
ern Alberta and northwestern Montana. 
In the Edmonton, these animals are found 
in Alberta, generally to the north of their 
Belly River distribution, and also in rocks 
of comparable age in New Mexico. In 
the Lance the ceratopsians are widely 
spread, from the Canadian border and 
Montana in the north, southwardly 
through the Dakotas, Wyoming, Colorado 
and New Mexico. Does this sequence 
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TABLE 2. 
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Geographic and geologic distribution of the Ceratopsia 


Genera contained within a square are believed to have existed simultaneously in the same area. 





Alberta Montana 


Mongolia 





Saskatchewan N. Dakota 
Lance Triceratops Tricera 
Hell Creek 
Ojo Alamo 
Anchiceratops 
Edmonton Arrhinoceratop 
Monoclontus 
Lept weralops 
Kirtland 
Chasmosaurus 
Belly River Styracosaurus Styracosauru 


Monocloniu 


Monoclonius 
Eoceratops* 
Leptoceratop 


Djadochta Protoceratop 


t 


* Not discussed in this paper. 


indicate the spread during 
from a northern center to 
and south range in western North Amer- 
? Probably not. For instance, the 
presence of ceratopsians in the Edmon- 
ton sediments to the far north and in the 
contemporaneous Kirtland deposits in 
New Mexico would seem to indicate that 
the apparent 


geologic time 


a wide north 


1Ca 


restriction of horned dino- 
saurs to these two areas ts the result of 
geologic processes which have resulted in 
ot rocks of 


the elimination fossiliferous 


this age in t In 
other words, it is reasonable to think that 


the distribution of Edmonton ceratopsians, 


he intervening regions. 


and of Belly River ceratopsians before 
them, was continuous along the western 
border of the upper Cretaceous seaway, 
as from the evidence we know it was dur- 
ing Lance times. 


It is realized, of course, that in this 
discussion different conclusions are being 
drawn from negative evidence. On the 


one hand, it is postulated that the lack of 
ceratopsians in the eastern Cretaceous is 
probably the result of a real absence of 
animals from this region during 
Cretaceous times. On the other hand, it 
is suggested that the small areas in which 
Belly River and Edmonton ceratopsians 


these 


are now found are the result of geologic 
and that 


a continuous range run 


processes, these animals were 
mce present in 


Brachyceratops* 








W voming 
S. Dakota 


Texas 
Mexico 


| | 
| Colorado | N. Mexico 





Triceratop Triceratops | Triceratops 


| Monoclonius 


Ceratopsian) 


ior Lurus 


| Pentaceratop 
Monoclonius 


ning north and south through the western 
Plains and Rocky Mountain region, as 1s 
true of the Lance ceratopsians. But it 1s 
felt that the facts justify these arguments. 
The presence of the upper Cretaceous 
seaway offers good evidence for a barrier 
to the eastward spread of the ceratopsians. 
The continuous range of the Lance cera 
topsians along the western border of the 
sea suggest that similar relationships held 
during the preceding ages, when the [xd 
Belly 


monton, and betore them, the River 


ceratopsians were living 


\N INTERPRETATION CERATOPSIAN 


EVOLUTION 


Ok 


We have so far reviewed the evolution 
of the ceratopsian dinosaurs in several ot 
its aspects. Thus we have considered the 
problem of adaptive radiation or the evolu 
tionary pattern within this suborder ot 
reptiles, the problem of evolutionary rates 
as seen in these long-extinct animals and 
the problem of the geographic limitations 
of the ceratopsians during the course ot 
their evolution. Interpretations of these 
several problems have been set forth in 
At this 
place it may be useful to attempt a broader 
interpretation of evolution, 
based upon the varied facts and their in 


connection with each of them. 


ceratopsian 


terpretations offered in the preceding dis 


cussion. 
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In the first place, it must be realized 
that, by and large, size increase is a con- 
stant throughout the evolutionary history 
of the ceratopsians. With the exception 
of the genus Leptoceratops, all of the 
horned dinosaurs after Protoceratops 
were large animals, and they were large 
to about the same degree of largeness. 
We know that there were certain size 
differences in the adults of the various 
ceratopsian genera, but generally speak- 
ing they all were animals on the order of 
about 20 feet in length, with their other 
proportions corresponding ; consequently, 
it is proper to say that the ceratopsians 
all showed a size increase during evolution 
of about the same degree of magnitude. 

Moreover, as pointed out on a preced- 
ing page of this discussion, the ceratop- 
sian dinosaurs were all pretty much alike 
as regards the post-cranial skeleton. In- 
deed, a study of the osteology of these 
forms will show that the differences be- 
tween the various genera, so far as the 
skeleton behind the skull is concerned, 
were differences in details of morphology. 
They were all adapted along the same 
structural pattern that was first established 
hy Protoceratops. 

Therefore, in studying the adaptive ra- 
diation of the ceratopsians, we see that 
lines of phylogenetic differentiation are 
to be recognized mainly on the basis of 
horn and frill patterns. All of the cera- 
topsians had frills, but the frills differed 
from genus to genus. All of the ceratop- 
sians above the level of Protoceratops had 
horns, but here again, the horns differed 
from genus to genus. What is more, gen- 
era differing from each other by reason of 
their horn and frill structures were con- 
temporaneous. Therefore, we are led to 
the conclusion that selection pressures 
during ceratopsian evolution did not favor 


one pattern of horns and frill to the ex- 
clusion of others, but rather that once the 
survival value of horns and frill had been 
established, these could develop in a va- 
riety of ways. A ceratopsian with large 
brow horns, a small nasal horn and a 
fenestrated frill could live side by side 





with a genus characterized by similar 
horns, but with a solid frill, and both of 
these could be contemporaneous with a 
type having a fenestrated frill, but differ- 
ing from the others by virtue of a very 
large nasal horn and reduced brow horns. 
It would seem as though horns and frill as 
such had a high adaptive value, the 
horns serving for defense, the frill as 
an attachment for large muscles that gave 
great power to the thrust of the horns. 
Sut, as we have seen, the pattern or com- 
bination of horns and frill might vary from 
genus to genus. ; 

Is it not reasonable to suppose, there- 
fore, that the various forms of horns and 
frill in the ceratopsians were the result 
of random mutations, not suppressed by 
selection? And if this be so, is it not 
possible that these mutations became es- 
tablished as a result of comparative iso- 
lation in small populations ? 

We have seen that the large, special- 
ized ceratopsians seemingly were limited 
to North America, and how, in this con- 
tinent, there is reason to think that they 
were confined to the western regions, west 
of the upper Cretaceous seaway. Of 
course, a range that stretches from New 
Mexico into Alberta is not particularly 
limited, but on the other hand this 1s not 
an extensive range for large terrestrial 
vertebrates such as the ceratopsians. 
Therefore, it is logical to suppose that 1n 
the early stages of ceratopsian evolution, 
perhaps after these animals had migrated 
into the North American continent from 
Asia, there were established several geo- 
graphic centers more or less isolated from 
each other. The ceratopsians developed 
in these centers, and since populations 
were relatively small, mutations could be 
established and spread with comparative 
speed by a process of evolutionary drift 
through these limited populations. — It 
may be supposed that subsequently these 
isolated and differing populations ex- 
panded, with a resultant coexistence of 
differing genera, mutually tolerant to each 
other. Such is the hypothetical picture as 
here suggested upon the basis of our 
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knowledge of ceratopsian evolution and 
distribution. 

It may be that we can see a modern 
parallel to the ceratopsian dinosaurs in 
the African antelopes. Like the Ceratop- 
sia, the antelopes of Africa have evolved 
very rapidly, geologically speaking. Like 
what is here presumed for the Ceratopsia, 
these antelopes are for the most part lim- 
ited to a single continental area. And like 
the Ceratopsia, the African antelopes show 
a variety of adaptations in certain char- 
acters (particularly the horns) that seem 
to be of equal selective value. Thus, in the 
antelopes the ability to run fast and the 
possession of horns are of primary impor- 
tance for survival. But the form of the 
horns seems to be of secondary impor- 
tance, so we find various genera, charac- 
terized by widely differing horn struc- 
tures, living together successfully in the 
same environment. 

An example of the variety of horn 
structure to be found in a single sub- 
family of African Bovidae is to be seen 
in the Hippotraginae. In this assemblage 
are included the sable antelope, Hippo- 
tragus, with the horns recurved poste- 
riorly ; the oryx, Oryx, with long, straight 
horns; the addax, Addax with the horns 
openly spiral; the water buck, Kobus, the 
puku, Adenota and the lechwe, Onotragus, 
with recurved horns, laterally divergent ; 
the reedbuck, Redunca, with the tips of 
the horns curved forwardly; the blesbok, 
Damaliscus, with short, simple horns; 
the rhebok, Pelea, with slightly recurved, 
spike-like horns; the gnus, Connochaetes 
and Gorgon, with the horns curved down 
and out and then up; and the hartebeest, 
Alcelaphus, with something like 
those of the gnu, but more complexly 
curved in their distal regions. 


horns 


Here is a 
variety of horn development much greater 
than that to be found in the ceratopsians, 
having evolved in genera many of which 
now have contiguous or overlapping dis 
tributions. 

It must be admitted that, even though 
limited to one continent, the populations 
of many genera of African antelopes are 
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now very large. We know from the fos- 
sil evidence, however, that the present 
African antelope fauna had its origins 
during Pliocene times to the north, in the 
Mediterranean region. And it is possible 
that, during the relatively brief geologic 
time when the various phylogenetic lines 
of antelopes were becoming established, 
there were comparative isolated centers 
of development in which the determining 
mutations were taking place. 

Whether these suppositions are valid or 
not, we do know the end results in the 
modern antelope fauna of Africa, an as- 
semblage of closely related genera that 
show certain parallels in their evolution 
to what we see in the ceratopsian dino 
saurs. 


SUMMARY 


In this discusion of Ceratopsian evolu- 
tion certain factors in the phylogenetic 
development of the horned dinosaurs have 
been stressed. The adaptive radiation of 
the Ceratopsia has been outlined, particu- 
larly as it 1s concerned with the phylo- 
genetic development of the skull; and 
problems of evolutionary rates in these 
dinosaurs, as compared with other dino- 
saurs have been considered. Moreover, 
the probable geographic distribution of 
the Ceratopsia during upper Cretaceous 
times has ben elucidated, and reasons to 
explain this distribution have been sug 
gested. 

Upon the basis of what we know as to 
the phylogeny and distribution of the 
ceratopsian dinosaurs, it is suggested that 
these animals probably went through the 
early stages of their evolutionary develop- 
ment as small populations, limited to the 
western part of North America. Random 
mutations affecting the form and devel 
opment of the horn cores and the frill 
took place in these small populations, with 
the result that several phylogenetic lines, 
characterized by different skull patterns, 
Since the skull 
patterns so evolved had equal survival 


were quickly established. 


values, the phylogenetic lines of which 
they were respectively characteristic con 














































tinued through the upper part of the 
Cretaceous period. Moreover, since the 
original limited populations probably ex- 
panded, it would appear that the genera 
typical of the various lines of ceratopsian 
evolution became established side by side 
in ranges that were contiguous or prob- 
ably to a large degree overlapping. They 
were mutually tolerant, and it is likely 
that there was no great amount of com- 
petition between them. So established 
and so living together, the various cera- 
topsians continued through the last and 
the final phases of the Cretaceous period, 
to become extinct, along with all of the 
other dinosaurs, during the transition 
from Mesozoic to Cenozoic times. 
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[INTRODUCTION 


By studying the evolutionary trends of 
organisms paleontologists have become 
aware of the peculiar circumstances sur- 
rounding the origin of higher categories. 
Most orders, classes and phyla of inverte- 
brates and vertebrates appear abruptly in 
the geological record with one or more 
character complexes well differentiated 
but without any indication of transitional 
stages. Several theories have been postu- 
lated to explain this phenomenon but there 
have been few detailed discussions of par- 
ticular examples. This paper represents 
an attempt to analyze the evolutionary 
trend culminating in the appearance of 
an order of mammals, the even-toed un- 
gulates or Artiodactyla. 

Of the twenty-six currently recognized 
orders of eutherian mammals, about fif- 
teen probably had a Paleocene origin. 
The identification of the earliest members 
of an order is dependent upon the possi 
bility of identifying one or more definitive 
ordinal character complexes, which are 
usually present in an otherwise still rela 
tively primitive stock. The determination 
of the ancestral group from which a mam- 
malian order such as the Artiodactyla 
originated is, by necessity, largely based 
on inference. Usually but a few heritage 
characters are available that indicate defi 
nite affinity and thus tend to bridge, how- 
ever incompletely, the structural, if not 
the chronological hiatus. 

The first known members of the Artio 
dactyla are possibly unique among the 
mammals in that they can be identified 
positively only on the basis of a single 
character complex, in the foot, which 
practically reached its definitive form be- 
tore other skeletal characters were in more 
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than an incipient stage of phylogenetic de- 
velopment. The intermediate steps in the 
evolution of this complex, which repre- 
sents the highly specialized form of the 
tarsus, are unknown. The primitive gen- 
eralized (or relatively unspecialized) type 
from which it evolved can be recognized, 
however, and the time interval during 
which the transformation took place can 
be estimated with reasonable accuracy. It 
is possible, therefore, to consider the mag 
nitude of the morphological change dur- 
ing this period as well as the associated 
functional alternations. In _ discussing 
these problems here it will also be of in- 
terest to consider possible factors that 
favored an initial emphasis on the evolu- 
tion of this particular character complex. 
A more detailed study of the origin and 
function of the artiodactyl tarsus has been 
published (Schaetfer, 1947), 
and only such details of morphology and 


elsewhere 


function as are necessary for the under 
standing of the problem will be repeated 

The erection of the Cohort Ferungulata 
(Simpson, 1945) to include the various 
orders of extinct and Recent carnivores 
and ungulates (fig. 1) is based on the fact 
that these greatly diversified groups had 
The 
paleontological data suggest that the most 
the 
creodonts, reached their definitive status 


a common late Cretaceous origin. 


primitive ferungulates, arctocyonid 
before the beginning of the Paleocene. 
|_Likewise the earliest ungulates, the condy- 
larths, were differentiated by the early 
Paleocene. 

Until recently, the ancestral stock of 
the Artiodactyla was essentially unrec- 
ognized although the condylarths as a 
group were considered to be structurally 


antecedent. Simpson (1937) has pointed 
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ferungulate groups mentioned in the text. 









anh 


oe 
ei age 





1606 


out, however, that the dentition of the 
earliest and most primitive family of con- 
dylarths, the Hyopsodontidae, is almost 
indistinguishable from that of the earliest 
artiodactyls such as the Lower Eocene 
genus Diacodexis. This resemblance, 
Simpson states, is much too great in the 
significant details of tooth form to be as 
cribed to convergence. In fact, one genus 
now placed in the Hyopsodontidae was at 
first considered to be a true Paleocene 
artiodactyl on the basis of tooth form. 
The available fossil therefore, 
leads to the almost inescapable conclusion 


evidence, 


that the evolutionary trend which culmi- 
nated in the Order Artiodactyla was 1n1- 
than sometime in_ the 


tiated no earlier 


Lower Paleocene. 


PALEONTOLOGICAL EVIDENCE 

The skeleton of a hyopsodontid condy- 
larth is similar in many respects to that 
of a generalized placental mammal, pos- 
sessing primitive characters that are, in 


to the earliest 


tact, common representa 







calcaneum 


astragalus 
le 


Wea 


Kic. 2. Comparison of the left hind foot 


(Sus) showing the location « 


- - ? . ] 
artiodac tyi 


represent the 
sat L il 


upper ankle joint 


lower ankle joint 


transverse tarsal joint 


f the three main tarsal joints. 
articulations between the astragalus and the calcaneum. 
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Because of this 
basic resemblance, various hyopsodontids 
have previously been assigned to the Ar- 
tiodactyla, the Primates and the Insecti- 
vora. Recent studies, particularly on the 
dentition, indicate affinity with the Con- 
dylarthra (as well as relationship with 
the Artiodactyla). It might be pointed 
out here that tooth characters are used ex- 


tives ot several orders. 


tensively in paleomammalogy, not only 
to determine the relationships of higher 
categories, but also to separate taxono- 
mic groups at generic and specific levels. 
Although there are examples of paral- 
and convergence in tooth form 
among mammals, the chances of close du- 
plication of a complicated tooth pattern 
are so exceedingly remote in distantly 
or unrelated groups that the dentition, in 
most cases, offers a more exact indication 
of relationship than almost any other part 
of the skeleton. 

[n contrast to the dentition, the hyopso 


dontid foot (fg. 2), 


lelism 


as preserved in the 
genus Choeroclaenus, is structurally un 
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Fic. 3. Dorsal and ventral views of the astragalus of the hyopsodontid Condylarth 
Choeroclaenus (A) and the artiodactyl Diacodexis (B) and dorsal views of the cal- 
caneum of arctocyonid creodont Claenodon (C) and the artiodactyl Merycochoerus (D). 


changed from that of the arctocyonid 
creodonts, including the presence of claws 
rather than hoofs (hoofs are present in 
all other condylarth families). Among 
the bones of the foot, the astragalus and 
calcaneum, which are the proximal ele- 
ments of the tarsus proper, most readily 
demonstrate different types of locomotor 
adaptation. Matthew (1909 and 1937) 
considered the mammalian astragalus to 
be of almost as great diagnostic value as 
the dentition, although others have dem- 
onstrated that it must be used with cau- 
tion (Simpson, 1937). 

The astragalus of Choeroclaenus (fig. 
3A) has a wide, shallow trochlea for ar- 
ticulation with the tibia. The head of the 
astragalus, which contacts distally both 
the 


navicular and the cuboid bones, is 











mediolaterally rounded. The neck be- 
tween the tibial trochlea and the head is 
constricted.. The plantar surface of the 
astragalus has an elongated, ovoid astra- 
galocalcaneal facet which is separated from 
an oval sustentacular facet by a deep inter- 
articular sulcus. A small, paorly defined 
articular surface, which may be called 
the distal astragalar facet, is situated 
adjacent to the naviculocuboid facet. 
The calcaneum of Choeroclaenus (fg. 
3C) has a strongly developed heel process 
or tuber. The astragalocalcaneal facet of 
this bone is located at the proximal end of 
the tuber, with a similarly shaped fibular 
facet adjacent to its medial border. There 
is a well-developed shelf or sustentaculum 
on the lateral side of the cacaneum, on the 
dorsal surface of which is situated the 
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sustentacular facet which articulates with 
its counterpart on the astragulus. The 
rhomboidal cuboid facet makes up almost 
the entire distal surface of the calcaneum. 

This brief description of the two proxi- 
mal elements of the eutherian tarsus could 
apply to the primitive members of a num- 
ber of mammalian orders as well as to 
many more specialized descendants. It 
would fit the astragalus and calcaneum of 
such diverse forms as the less specialized 
insectivores, many of the primates includ- 
ing man, some rodents and most terrestrial 
carnivores. With relatively minor dif- 
ferences, which Matthew nevertheless con- 
sidered of importance, this basic pattern 
has been very persistent in spite of adap- 
tive trends affecting other parts of the 
skeleton. 
he expected, has occurred among the ter 
mammals in the 
saltorial types. 


The greatest alteration, as might 


and 
It is basically associated 


restrial cursorial 
with two interrelated mechanical factors, 
increase in leverage, increase in speed, or 
both. 

The artiodactyl tarsus (fig. 2) reached 
its definitive form, except for minor re- 
early The 
highly characteristic astragalus (fig. 3B) 
has a deepened tibial trochlea with sharp 
medial and lateral crests. A distinct neck 
region is no longer evident. 


finements, in the Eocene. 


The portion 
of the head articulating with the cuboid 
and navicular bones has been transformed 
into an anteroposteriorly rounded troch- 
lea with flattened medial and lateral sur- 
The plantar surface of the astra 
galus is dominated by the sustentacular 


faces. 


facet which is elongated parallel to the 
The astra 
valocalcaneal facet has been reoriented in 
The distal astragalar 
facet on the lateral surface of the trochlea 
is more clearly defined and is of greater 
functional significance. 

The artiodactyl caleaneum (fig. 3D) 
has a relatively less robust tuber and a 


long axis of the entire bone. 


the same manner. 


greatly modified body. The sustentacu- 
lum has been altered so that its facet is di 
rected more distally than dorsally, while 


the astragalocalcaneal and fibular facets, 
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in their astragalar counterparts, have their 
long axes oriented essentially parallel to 
the long axis of the entire bone. 

The change in the form of the distal end 
of the astragalus was associated with an 
increase in the articular contact of this 
bone with the cuboid and a marked de- 
crease in the area of the calcaneocuboid 
articulation. The proximal surfaces of 
both the navicular and cuboid are mark- 
edly concave to accommodate the distal 
astragalar trochlea. 


FUNCTIONAL INTERPRETATION 


A more dynamic picture of the differ- 
ences between the hyopsodontid and arti- 
odactyl tarsi may be obtained through a 
comparison of the orientation and func- 
tion of the three major tarsal joints. For 
practical reasons, the positions of these 
axes were determined for the tarsi of the 
arctocyonid creodont Clacnodon and the 
sheep, Ovis. The three joints (figs. 2 and 
4) in question are (a) the upper ankle 
joint between the tibia and fibula on one 
side and the astragalus and calcaneum on 
the other, (b) the lower ankle joint be- 
tween the astragalus and calcaneum and 
(c) the transverse tarsal joint between the 
astragalus plus the calcaneum and_ the 
cuboid plus the navicular. 

In mammals generally, the upper ankle 
joint has probably had a more conserva- 
tive history than either the lower ankle 
or transverse tarsal joints. The orienta- 
tion of the axis is roughly at right angles 
to the long axis of the tibia and runs in 
Motion at this 
joint 1s always restricted to an antero 


a mediolateral direction. 


posterior movement (dorsi-and_ plantar 
flexion) of the foot on the lower leg. In 
the transition from hyopsodontid to arti- 
odactyl, the axis remained in about the 
Further restriction of 
movement and greater joint stability was 
obtained in the latter through deepening 
of the tibial trochlea and further elabora 


same position. 


tion of the external and internal flanges 
distal 
flanges, the lateral one representing the 
last remnant of the well-developed hyop- 


on the end of the tibia. These 
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hic. 4. Roentgenogram of the tarsal area of a living goat showing the rotation of the astragalus. 


sodontid fibula, articulate with the tibia in 
a sort of tongue-and-groove relationship. 
In contrast to the upper ankle joint, the 
lower ankle joint was subjected to a very 
radical change in orientation and function 
during the hyopsodontid-artiodactyl trans- 
ition. In the generalized mammalian foot, 
including the hyopsodontid, the axis of ro- 
tation of the lower ankle joint has a very 
characteristic oblique orientation running 
in general from the dorsal surface of the 
neck of the astragalus to the lateral side 
of the heel process of the caleaneum. 
Movement is largely restricted to an in- 
version-eversion rotation of that portion 
of the foot below the astragalus, with the 
latter functionally united with the tibia by 
the presence of the tibial flanges and 
associated ligaments. In the artiodactyls, 
on the other hand, the change in the form 
of the astragalus and calcaneum previously 
discussed caused a shift in the orientation 
of the axis of the lower ankle joint to a 
position essentially parallel in all aspects 
to that of the upper ankle joint. There 
was during the hyopsodontid-artiodactyl 
transition, a change in joint motion from 
inversion-eversion of the foot to one in- 
volving only fore and aft rotation of the 
astragalus. This rotation occurs only dur- 
ing extension and flexion of the foot and 
cannot occur independently of movement 
at the transverse tarsal joint. 
Motion at the transverse tarsal joint in 


the hyopsodontids involves two differently 
formed and rather complex articular sur- 
faces. For the purposes of this discus- 
sion, however, the movement may be con- 
sidered as essentially flexion and exten- 
sion. The axis of this joint is almost par- 
allel to that of the upper ankle joint. 
During the transition phase there was a 
simplification and structural convergence 
of the two articular surfaces (astragalus 
articulating with both the cuboid and na- 
vicular) with movement at the artiodacty] 
stage increased but practically limited to 
flexion and extension (fig. 4). The po- 
sition of the axis suffered some reorienta- 
tion which is of no particular significance 
in this discussion. 

It is thus evident that the structural 
modifications in the tarsus during the 
transition period finally resulted in a 
unique arthrodial condition in which the 
axes of the three main tarsal joints have 
an essentially parallel orientation. This 
situation permitted, by the Lower Eocene, 
a freedom of movement on the part of 
the astragalus not present in any other or- 
der of mammals. A tendency in this direc- 
tion did develop in some of the rodents, 
in the lagomorphs, and in certain of the 
extinct, neotropical, cursorial types such 
as the litopterns ; the tarsus of these forms 
suggests resemblance to an intermediate 
stage in the hyopsodontid-artiodactyl 
transition. 
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The biomechanical significance of the 
artiodactyl tarsus, as in the case of any 
portion of the vertebral skeleton, is difh- 
cult to evaluate without extensive experi- 
mental evidence which, in turn, may reas- 
onably be employed as a basis for func- 
tional studies. on fossil forms. The 
analysis of tarsal joint action provides 
certain tentative conclusions regarding the 
biomechanics of the artiodactyl foot. The 
double-trochleated astragalus may be com- 
pared to a cam-like structure that rotates 
in a socket formed by the tibia, calcaneum, 
The eccentric loca- 
tion of the cam axis, here the axis of the 
transverse tarsal joint, permits a greater 
degree of rotation at its proximal than at 
its distal end and has suggested to Kripp 
(1935) that the artiodactyl astragalus 1s, 
in effect, a velocity mechanism which in- 
creased the speed of rotation of the foot 
during flexion and extension. This is an 
adaptation of some significance in the cur- 
sorial artiodactyls as it must accelerate 
locomotion and, as part of this same effect, 
amplify the momentum imparted to the 


navicular and cuboid. 


hind feet during the characteristic leaping 
stride. 

The typical mammalian foot, including 
the hyopsodontid, when in contact with 
the ground, may be considered as a lever 


of the first class (Gregory, 1912), with 
the fulcrum located at the upper ankle 
joint, the power applied by the crural 


flexor muscles at the heel process and the 
resistance provided by the foot pressing 
against the ground. The leverage of the 
artiodactyl foot is complicated by the na 
ture of the 
might be considered as an additional mov- 
able segment in the hind limb. With an 
tero-posterior motion of the foot occur- 


astragalus (fig. 5), which 


ring at both the upper ankle joint and the 
transverse tarsal joints, it is possible to 
postulate the presence of two interrelated 
lever systems with separate fulcra, one at 
each of these joints. 

In this compound lever system the force 
and resistance are still applied at the heel 
process and foot respectively. When the 
foot first touches the ground at the begin 
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Fic. 5. A. Composition otf torces in the 


artiodactyl hind foot oriented in the position 
assumed at the beginning of the propulsive 
stride. B. Position at the end of the stride. 


ning of the propulsive phase, there is still 
some movement possible at the transverse 
tarsal joint although most of the extensor 
motion at this joint occurs prior to the 
contact. Observable motion at the upper 
ankle jomt is initiated at this time. <A 
lever analysis of this situation (fig. 6) 
indicates that at the onset of propulsion 
when maximum power is required the 
power arm (a’/b’) of the more distal lever 
is longer than that (ab) of the proximal 
lever and the resistance arm of the former 
(bc) shorter than that of the latter (bc). 
There is thus a very slight but real me- 
chanical advantage over the typical mam- 
malian condition. Manter (1938), inves- 
tigating locomotion in the cat, found that 
at the beginning of the propulsive phase of 
the hind limb a horizontal, longitudinal 
force produced by the resistance between 
the foot and the ground caused an actual 
retarding effect which was quickly over 
That 
effect is common to all tetrapods appears 
evident (Barclay, 1946) when the posi 
tion of the entire hind limb in relation to 


come. such an initial retarding 


the acetabulum is considered. The rapid 
and efficient overcoming of this negative 


action must be of prime importance in a 
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cursorial mammal and the double lever 
effect in the artiodactyls may serve an im- 
portant function in this regard. 

The functional significance of any cur- 
sorial specialization is directly related to 
the ability of the animal to move at an 
initial and sustained speed great enough 
to permit escape from an enemy. In this 
connection it is, interesting to note that 
the limb ratios (for example, length of 
third metatarsal to length of femur) of 
most of the more generalized artiodactyls 
of the Tertiary and Recent fall within the 
range of the larger predatory carnivores. 
This overlap is ratios would place a high 
premium on the functional efficiency of 
the early artiodactyl tarsus, and its spe- 
cialization prior to any marked increase in 
limb ratio clearly suggests its importance 
in this connection. 


EVOLUTIONARY IMPLICATIONS 


As pointed out earlier, ungulates, that 
may be identified as artiodactyls, appar- 
ently reached an ordinal status by the 
beginning of the Eocene. The primitive 
hyopsodontid condylarths, from which the 
even-toed ungulates were derived are first 
known from Lower Paleocene deposits. 
The transitional stage between hyopso- 
dontid and artiodactyl, therefore, prob- 
ably had a maximum duration of not over 
15 million years according to the most re- 
cent opinions on the length of the Paleo- 
cene. 

The time interval available for this 
transformation in tarsal design is_ brief 
according to paleontological standards and 
the rate of evolutionary change may be re- 
garded as relatively rapid. The failure 
to discover any of the intermediate forms 
between the initiation and completion of 
the transition represents a situation that 
is common to the origin of nearly all the 
orders of mammals. Invariably the earli- 
est representatives of a given order ap- 
pear abruptly with one or more ordinal 
characters fully differentiated and there is 
good evidence for the belief that the pre- 
ceding transitional period was tachytelic 
(Simpson, 1944). 


Intensive collecting in deposits where 
transitional forms should occur but are 
actually absent suggests, although it does 
not necessarily prove, that these forms 
had a restricted geographical distribu- 
tion throughout most of the transitional 
period. The taxonomic group involved 
in the transition was also undoubtedly 
limited, possibly to the specific level. 
There is slight reason for believing that in- 
termediate forms may exist unrecognized 
in collections as all the known Paleocene 
faunas have been thoroughly studied and 
evaluated. 

In order to explain this anomalous situ: 
ation Simpson (1944), in a further ex- 
tension and application of Wright’s theo- 
ries, has suggested as a hypothesis that 
mega-evolution usually occurs in small 
(in the Wrightian sense) populations sub- 
ject to genetic drift. According to his 
concept, quantum evolution may account 
for the relatively rapid origin of higher 
categories such as families and orders. 
The non-adaptive change resulting from 
genetic drift that is characteritic of small 
isolated populations and usually brings 
about their extinction may, in very rare 
instances, actually be preadaptive for a 
different adaptive zone. The presence of 
preadaptation, which is a primary require- 
ment, may thus permit the survival of the 
population and initiate its subsequent ex- 
pansion at a new adaptive level. Quan- 
tum evolution is, as Simpson states, an 
all-or-none reaction; if the isolated popu- 
lation is unable to attain a new adaptive 
zone it will suffer extinction. 

This concept of mega-evolution pro- 
vides a possible explanation for two es- 
tablished facts in paleontology, the rapid 
and often radical transformation involved 
in the origin of many higher categories 
and the usual absence of specimens rep- 
resenting any level of the transitional 
stage. If the trend occurred in a small 
isolated, or probably even a small semi-iso- 
lated population, the chances of obtaining 
a sample by any available collecting tech- 
nique are very remote (assuming that 
















































some individuals in the poulation were 


preserved ). 

Simpson also points out that mega-evo- 
lution may occur in a less radical manner 
and actually intergrade with other modes 
of evolution, particularly phyletic. An 
evolutionary pattern possibly of signifi- 
cance in connection with the origin of the 
artiodactyls involves the appearance of 
preadaptation in a transitional population 
without the possible deleterious effect of 
genetic drift. Radical change in either 
member of the organism-environment 
equilibrium may ultimately produce a sit- 
uation bringing about the extinction of 
the population or, in very rare instances, 
result in the quantum evolution effect. 
If the equilibrium changes without being 
lost, however, it indicates that the popu- 
lation has responded adaptively to en- 
vironmental change. Thus a modification 
in the nature of the selection pressure 
can, under these circumstance, favor a new 
evolutionary trend with the critical trans- 
itional period between two adaptive zones 
being one of more or less continuous adap- 
tation. Such a transition is more phyletic 
than quantum in its mode but may never- 
theless approach the latter in rate and 
magnitude of change. 

Certain features of the hyopsodontid- 
artiodactyl transition may reasonably be 
inferred on the basis of the known facts. 
In the early Paleocene a fairly large pop- 
ulation of preartiodactyls, here con- 
sidered to be primitive hyopsodontids, 
occupied a warm, moist, forested environ- 
ment. The adaptive zone was relatively 
stable and the population was presum- 
ably subjected to only mild selection pres- 
sure. As must characterize all generalized 
ancestral stocks which give rise to higher 
categories, this one possessed a high de- 
gree of genetic plasticity with a potenti- 
ality for entering a variety of different 
adaptive zones. Sometime during the first 
half of the Paleocene some changing fea- 
ture or features of the environment af- 
fected a particular segment of this hy- 
opsodontid population. The nature of 
this change is unknown, but it 1s very 


172 BOBB SCHAEFFER 

































reasonable to suppose that it was associ- 
ated directly or indirectly with the evolu- 
tion of the earliest carnivores, the creo- 
donts. Although the Lower Paleocene 





creodonts and condylarths share many 
features in common, by the Middle Paleo- 
cene the creodonts were more specialized 
in a typically carnivore direction and be- 
came more efficient predators. This in- 
crease in the efficiency of the carnivores 
was, of course, intimately associated with 
the development of ungulate specialization 
and possibly both were related to some 
modification in the physical environment 
such as a tendency toward a more open 
plains habitat (there is actually no direct 
evidence of such change in the Paleocene ) 
or to an expansion of the ungulates and 
carnivores into such an already existing 
habitat. 

These generalized herbivorous hyopso- 
dontids reacted to the increased predator 
pressure in a manner common to most 
ungulate groups by evolving a mecha- 
nism for faster locomotion. Why the 
tarsus was affected in this connection prior 
to any significant change in limb ratios 
or to reduction in the number of digits is 
an intriguing but at present unanswerable 
problem. As pointed out in the functional 
analysis, the tarsal modification increased 
the propulsive force exerted by’ the foot 
as well as accelerated the protraction and 
retraction phases of hind limb. This ob- 
viously had some initial selective advan- 
tage over those cursorial adaptations that 
were emphasized later in the Tertiary. 

The evolution of the tarsus during the 
hyopsodontid-artiodactyl transition must 
have been essentially rectilinear and con- 
tinuously adaptive. It seems reasonable 
to suppose that the effect of selection 
pressure on the new trend almost from the 
time of its inception was great enough 





to channel variation. The complexity of 
the tarsal joints and their intimate func 
tional relationship certainly would not per 
mit more than slight deviation in any 
portion of the complex without loss of 
efficiency, not to mention actual mal- 
function. 
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The evolution of the artiodactyl tar- 
sus did not involve, in a broad sense, a 
complete change of function but rather 
a trend toward specialization and restric- 
tion of function. While it is true that the 
reorientation of the axis of the lower 
ankle joint did produce a marked modifi- 
cation in the function of the astragalus, 
there was no radical, basic change in the 
action of the foot as a whole in relation 
to its role in locomotion. It is therefore 
difficult or impossible to determine at what 
point in the transition the tarsus was pre- 
adaptive for a specialized cursorial func- 
tion and, in fact, such a point probably 
did not exist. Along with the continuous 
adaptation of the tarsal complex for the 
precursorial environment there was a 
progressive preadaptation for the artio- 
dactyl or cursorial one. 

As the artiodactyl tarsus almost reached 
its biomechanical limit of specialization by 
the beginning of the lower Eocene, there 
was relatively little postadaptive change. 
The significance of the biomechanical limit 
has recently been discussed by Huxley 
(1942, p. 494). It represents that stage 
in an adaptive trend at which the greatest 
possible degree of mechanical efficiency is 
attained and beyond which further change 
can only be essentially nonadaptive. (It 
is, of course, not possible to prove that an 
actual biomechanical limit has been 
reached in a particular case although the 
weight of evidence may make it extremely 
probable.) If the limit is reached at a 
generalized level, however, as in the case 
of the primitive reptiles with their hort- 
zontally oriented proximal limb segments, 
it is possible to approach another and 
different limit by entering a new adaptive 
zone. In advanced mammal-like reptiles 
the entire limb assumed an almost vertical 
position permitting motion in a parasagit- 
tal plane. The biomechanical potentiall- 
ties of this limb reorientation were so 
great that a number of different limits 
were now possible and were finally at- 
tained only in the many different groups 
of mammals ultimately derived from the 
therapsids. 


The artiodactyl tarsus illustrates, on the 
other hand, the effect of extreme speciali- 
zation in hastening the attainment of an 
apparently absolute limit. During the 
Tertiary, this order underwent a broad 
adaptive radiation which produced not 
only relatively conservative types but also 
extreme cursorial and graviportal forms. 
In all cases the tarsus remains amazingly 
similar. By way of postadaptive change 
there has been a relatively minor increase 
or decrease in the size of certain articular 
facets and a tendency toward fusion of 
the cuboid and navicular bones, probably 
refinements for somewhat greater me- 
chanical efficiency and greater stability. 

The pattern of evolution involved in the 
hyopsodontid-artiodactyl trend is obvi- 
ously complicated, with different character 
complexes evolving at different rates and 
in response to different factors of the en- 
vironment. The evolutionary change 
which is directly related to the origin of 
the Order Artiodactyla, however, ap- 
parently involved originally only a single 
character complex, the tarsus. Even in 
this restricted sense the mode is more 
phyletic than quantum in nature although 
there are features that indicate some in- 
tergradation between the two. 

The taxonomic category resulting from 
the trend is at the ordinal level, a high 
level being characteristic of quantum evo- 
lution. There is, however, no indication 
of abrupt transfer from one adaptive zone 
to another but rather of the change occur- 
ring in a single shifting adaptive zone as 
in phyletic evolution. Adaptation in the 
precursorial zone was essentially con- 
tinuous and was intimately associated with 
preadaptation for the cursorial zone. 
Post-adaptation was restricted in the cur- 
sorial zone by an early approach to the 
biomechanical limit of specialization. 
Presumably there was no particular point 
in the trend that might be considered as 
a threshold in the sense employed by 
Simpson (1944, p. 209) since there was 
no one morphological or functional stage 
that the tarsus had to attain in order to 
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prevent the actual elimination of the 
trend. 

With the diagnostic features of pure 
quantum evolution absent, it is reason- 
able to assume that the population seg- 
ment involved in the transition was semi- 
isolated, with some migration and cross- 
breeding between it and adjacent popula- 
tions. Wright (1941 and elsewhere) has 
pointed out that rapid evolution can oc- 
cur under these circumstances even to 
the extent of evolving a new higher cate- 
gory. Following Simpson’s interpreta- 
tion, this mode is essentially phyletic and 
involves less radical change than pure 
quantum evolution. The magnitude of 
change resulting from any adaptive trend, 
however, must be evaluated on a relative 
basis. The tarsus of terrestrial mammals 
has been modified into a limited number 
of rather distinct types, with that occur- 
ring in the Artiodactyla probably repre- 
senting the greatest departure from the 
arctocyonid level. In terms of tarsal evo- 
lution in terrestrial mammals it is, there- 
fore, a radical change effecting the entire 
economy of the animal. In terms of tar- 
sal evolution in the mammals as a whole 
(including extreme arboreal and aquatic 
forms) it is much less radical but still 
great enough to form the basis for a new 
order through the reaching of a new adap- 
tive plateau. 

It appears evident that the character 
complexes that define and delimit the 
higher categories of organisms have not 
evolved at the same rate or necessarily at 
the same time. They apparently reached 
their definitive form in a regular sequence 
which for some orders of mammals can 
he estimated with reasonable accuracy. 
In the case of the even-toed ungulates the 
tarsus was apparently the first complex 
to attain this goal. The change in the ori- 
entation of the longitudinal axis of the 
foot from a position essentially along the 
third toe to one between the third and 
fourth toes may have occurred coinci- 
dently with the modification in the tarsus. 
Chis shift represents the appearance of 
another ordinal character. Its functional 
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significance was not fully realized, how- 
ever, until digital reduction involving the 
loss of the first toe and relative decrease 
in the size of the second and fifth toes 
was initiated in the Eocene in the various 
artiodactyl groups. Changes occurring 
exclusively at subordinal and lower levels 
also were started during the Eocene with 
diversification of the dentition probably 
beginning before there was any great al 
teration in limb ratios. 





SUMMARY 

The character complexes of the various 
mammalian orders usually appear sud- 
denly with no record of transitional stages 
from the presumed ancestral stock. The 
earliest members of the Artiodactyla are 
recognized positively on the basis of a 
single complex which is the highly spectal- 
ized form of the tarsus. Basic similarity 
in the dentition of the Lower Eocene 
artiodactyls and a family of primitive 
Paleocene condylarths indicates that the 
latter represents the ancestral stock of 
the even-toed ungulates. 

The transitional period from the primi- 
tive condylarths to the first true artio- 
dactyls had a duration of not more than 
15 million years. During this time 
there was a radical change in the form of 
tarsal elements and in the orientation of 





the axes of the three main tarsal joints. 
The resulting mechanism increased the 
speed of locomotion and probably reduced 
the retarding effect at the beginning of 
the propulsive stride. 

According to paleontological standards 
the transition was rapid. It was also es- 
sentially rectilinear and continuously adap- 
tive. Selection pressure, probably mostly 
predator pressure, channeled variation 
sharply during the entire trend. Preadap- 
tation for the artiodactyl environment was 
a continuous process, occurring along 
with adaptation for the preartiodactyl one. 
The biomechanical limit of specialization 
for the tarsus was almost reached by the 
lower Eocene, greatly reducing the pos 
sibility of modification in this complex 
during the Tertiary. The evolutionary 
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mode involved in the transition was es- 
sentially phyletic with some features at- 
tributed to quantum evolution. 
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I NTRODUCTION 


L’Heritier and Teissier (1933) de- 
scribed a technique for maintaining labor- 
atory populations of Drosophila at a fairly 
constant number with between three and 
four thousand flies always present in the 
population cage. The cage was a large 
box into which a container of food was 
placed every day or at regular intervals, 
a container in which the food had been ex- 
hausted being withdrawn each time one 
with fresh food was introduced. In this 
way a fairly constant food supply and the 
maximum population of flies which it 
would support, were maintained. 

L’Heritier and Teissier carried out in- 
teresting experiments on competition be- 
tween different species of Drosophila and 
between different mutant types and their 
wild type alleles. They did not exhaust, 
by any means, the possibilities of the tech- 
nique in elucidating features of natural 
selection which could be 
laboratory. 

Dobzhansky (1947 a, b and c) utilized 
the technique with success in demonstrat- 
ing the response of different gene arrange- 
ments (inversions) in Drosophila pseudo- 
obscura to different 


studied in the 


temperatures. In 
nature each gene arrangement occurs in 
populations of a definite geographic area. 
However, more arrange- 
ments may occur together in many popu- 
lations. A particular inversion, if present, 
will be found in both the homozygous and 
heterozygous condition. According to 
Dobzhansky (1947b), “The relative fre 
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quencies of various gene arrangements in 
some populations undergo seasonal cyclic 
changes. These changes are produced by 
natural selection, and represent adaptive 
reconstructions of the population geno- 
type, thus facilitating survival in different 
seasonal environments. the 
changes taking place in nature can be re- 
produced 


Some of 
experimentally in population 
cages in the laboratory.” 
[It was shown that if a 
ment 


gene arrange- 
(inversion) called Standard 1s al- 
lowed to compete with another inversion 
called Chiricahua, both inversions, from 
flies collected at Pinon Flats, in popula- 
tion cages maintained at 20-25° C., that an 
equilibrium is established with about 70% 
Standard 30% 


The fact that equilibria of 


chromosomes as against 
Chiricahua. 
the various gene arrangements result from 
natural selection both outdoors and in the 
population cages, instead of complete re- 
placement of one gene arrangement by 
another, that the individuals 
heterozygous for different gene arrange- 
ments (inversion heterozygotes) have the 


indicates 


highest adaptive values while the homo- 
zygotes are inferior to them in survival 
and reproduction. This “balanced poly- 
morphism,” resulting from the superiority 
of the heterozygote, preserves a few of the 
homozygotes of all types and thus permits 
the species to react adaptively to changes 
in its environment. The species is “buf- 
fered” against environmental change, and 
no hereditary variability is lost. 

The present experiment which employs 
laboratory strains of Drosophila melano 
gaster was designed to demonstrate the 
superiority of an inversion heterozygote 
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under exacting conditions such that the 
homozygous inversion was of poor vi- 
ability and in competition was sterile. Ob- 
viously the chromosome containing the 
inversion would have been eliminated 
very soon in competition with a more nor- 
mal chromosome unless the heterozygote 
had a distinct advantage over the homozy- 
gote lacking the inversion. If the inver- 
sion chromosome is able to survive in 
population cages for any length of time 
it will be because of an equilibrium formed 
dependent upon the superiority of the 
heterozygote over the homozygote types. 
The experiment was independent in con- 
ception from those of Dobzhansky just 
cited and was designed more as a test 
of theoretical considerations and to dem- 
onstrate the effects of accidental varia- 
tion of gene frequencies rather than as a 
solution of the practical problems which 
Dobzhansky has answered, at least in 
part, as to why such a large array of in- 
version types have survived in wild Dro- 
sophila populations through the ages. 


MATERIALS AND METHODS 


One of the early objectives of this study 
was to devise a population cage possessing 
certain advantages not provided by the 
model of L’Heritier and Teissier. A 
much more compact and easily handled 
unit with a smaller population was wanted. 
A cage was desired which gave some sim- 
ulation of a seasonal cycle in regard to the 
food supply. Several models were made 
and the final product as used in the ex- 
periments to be reported seems to be 
highly satisfactory. The unit has been 
called a “population bottle.” 

The unit consists merely of two half- 
pint milk bottles, the mouths of which are 
connected by a three inch long section of 
rubber automobile radiator tubing. Each 
milk bottle has a paper cap perforated 
with two or three quarter inch holes which 
allow passage of the flies but prevent food 
and debris from being pushed from one 
bottle to the other by the larvae. There 
is a gap between the two bottles, inside 
the rubber tube, of about an inch, form- 


oe | 
~~ 


ing a small vacant chamber. There is a 
one-half inch hole in the rubber tube stop- 
pered with cotton through which ventila- 
tion of the chamber and unit occurs. We 
are indebted to Mr. Ludwin for the dis- 
covery of the usefulness of automobile 
radiator tubing for this purpose. 

Simple boxes lacking one side were con- 
structed to hold ten units each, as shown 
in figure 1. As may be'seen in the figure, 
the closed half of the box is painted black. 
When a cover is laid on top of the box 
one end still is open and thus the light 
attracts the flies into the bottle in the open, 
unpainted half of the box. These boxes 
may be piled upon each other thus per- 
mitting the storage of a large number of 
units in the small space usually available 
in incubators or constant temperature 
rooms. Many replications may be run at 
the same time. Our units were kept in 
a constant temperature room at 20.0 + 
GS* C. 

The food material was the ordinary 
cornmeal-molasses agar which while still 
hot is poured into the bottles which are 
then laid on their sides. The food solidi- 
fies in a “slant.” 

The experiment was started with five 
pairs of flies in each of twenty slants with- 
out perforated caps or rubber tubes. 
When the population has flourished and 
begun to decline after two months, a per- 
forated cap is inserted in the slant, the 
rubber tube with cotton plug and a new 
slant are added and we have a complete 
unit or “population bottle.” The surviv- 
ing flies of the population move into the 
new slant very promptly. The old slant 
remains attached for two additional 
months in order that the flies in the old 
slant which were in the egg, larval or 
pupal conditions may move into the new 
slant as soon as they emerge. 

At the end of this time the four months 
old slant is removed, a new slant put in 
its place and the unit rotated 180 degrees 
so that the new food is always in the 
light half of the box, attracting the flies 
into the fresh slant. 

Two or three days after the population 
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slant ether is 


dropped on the cotton “ventilator” and as 


has moved into the new 
soon as the flies in the new slant appear 
slightly 


 — cov’ 
grogey 


they are all removed, 


counted, and returned to the new slant, 
new cotton being placed in the ventilation 
hole. 


This means that the populations are 
always counted when at the lowest ebb. 
The breeding population is the smallest at 
the time of counting and consequently ac- 
cidental variations in gene frequencies will 
be most important in these few flies which 
will be the parents of the first generation 
in the new slant. 

At the time of counting, the population 
never numbered as many as 600 flies and 
as a result of more rapid deterioration of 
the food in some slants than in others an 
population 
One can afford to lose a population in 


occasional becomes extinct. 
this fashion every now and then in re 


turn for the assurance that all the sur- 
viving lines have passed through a period 
food 


portant, however, is the opportunity thus 


of adverse conditions. More im 
provided for random sampling to function. 
The population sizes in this experiment 
varied between one fly and 586, with an 
average of 161 flies per unit at the time oi 
counting 


Container holding ten population bottles. 
tles in the dark half of the box are over two months old. 
attached for less than a week. 





Bot- 
The bottles in the left half have been 


The cover for the box is not shown. 


The two parental stocks which provided 
the competing chromosomes for this ex- 
periment were of the same species, Dro- 

One strain 1s know 
“M5”. This strain 
has a long inversion in the X-chromosome 


sophila melanogaster. 
as “Muller—5” or 


which extends from the apricot locus to 
Bar. 


Both apricot and Bar are present 
and serve as “markers” or indicators of 
the presence of the inversion chromosome. 
For a more complete description of the 
M5 stock see Muller in D.L.S. 16. The 
chromosome in the particular strain used 
confers semi-sterility and poor viability 
upon the males which have it in the he- 
mizygous condition and upon the females 


which are homozygous for it. M5 males 


are much less viable than males of the 
competing strain, white, miniature and 
forked. The combination of white eyes, 
miniature wings and forked bristles re 
duces vigor to a considerable extent but 
not nearly as much as genes present on 
the inversion chromosome. The presence 
of the inversion prevents crossing-over so 
that the two different chromosomes en 
tering the competition should remain dis 
However, 


tinct indefinitely. crossovers 


do occur rarely and data from three of the 
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twenty-five population cages had to be 
discarded because of crossing-over. 
M5 


The heterozygous female {| ——~ } has 
. wmf 


bean-shaped eyes of pale-apricot color and 
normal sized wings. The viability of these 
heterozygous females seems to be either 
as good or nearly as good as ordinary wild 
type females since 464 of the heterozygous 
and 485 of the wild type females were ob- 
tained in a test cross, with an expectation 
of equality. 


PROGRESS OF THE COMPETITION 


Twenty population bottles were started. 
In ten of them were placed heterozygous 


M5 
females { —— and large numbers of 
wmf 


the semisterile males having the M5 in- 
version chromosome. Large numbers of 
the M5 males were needed in order to get 
crosses with the females heterozygous for 
the inversion. Presumably these vigor- 
ous females repulsed the advances of the 
weak M5 males. The other ten popula- 
tion bottles were made up with five of the 
M5 
——. } and five 
wmf 

white, miniature, forked (wmf) males. 
These five males were adequate to fertilize 
the heterozygous females. The immediate 
progeny from these crosses are expected 
to be of different types depending on 
whether M5 or wmf males were used. 
M5 


wmf 


inversion heterozygotes 


The following progeny of the 2 & 
X o& o& M5 cross were obtained in the 
first generation : 

Progeny: 


MS M5 ‘ 
> 9 — oto MS oo wm 
wml M5 


64 3 33 63 
33% 17.5% 17.5% 32% 


Clearly the homozygous M5 2 has only 
about half the viability of the heterozygote. 
In the other cross no homozygous M5 
females are expected. The M5 males 





seem to be about one-third as viable as 
the wmf females which may be seen below. 





Cross: 

: M5 

99 - X oo’ wmi 
wmi 

Progeny: 
wmf le ee die tai 

9 — oo'wmf 2 § — aa’ MS Total 
wml wmi 

931 854 891 295 2971 

31% 29% 30% 10% 100% 


ach of the four classes in both crosses 1s 
expected to appear in a frequency of 25“ 
but it is clear that homozygous M5 females 
and M5 males are significantly deficient 
in number. 

In the first generation of the progeny 
from the crosses shown above all classes 
expected were represented, though not in 
full proportion because of poor viability 
of the M5 phenotypes. Natural selection 
began to function immediately, and at the 
end of two months the homozygous M5 
females had disappeared completely from 
the population bottles. The M5 males 
had dropped in frequency to between 2 
and 4% of the total population at the end 
of the two months. While a few M5 
males appear in the population bottles at 
every count thereafter, they apparently fail 
to breed as not a single homozygous M5 
female has been found among over 17,000 
flies counted since the second month ot 
the experiment. Such M5 females should 
have been produced if the M5 males suc- 
ceeded in mating with the heterozygous 
females. 

It is rather remakable that natural se- 
lection should have completed its main 
work by the end of the second month of 
competition in the population bottles. The 
high speed elimination of the homozygous 
M5 females leaves an equilibrium of three 
effective types of flies, the inversion heter- 
M5 
wmf ” 
white, miniature, forked females and 
males. In addition about 2% of the in- 
effective M5 males are always to be found 
in the population bottles. 


ozygotes, °& the homozygous 
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One might expect the inversion chromo- 
some to be eliminated from the popula 
tion bottles. However, the heterozygous 


MS 


female is sufficiently more success- 
wmf : 


wmf . 


ful than the homozygous ——~ female so 
ae wml 


that the condition of heterozygosis is 
maintained. 

The results of the counts from the two 
different crosses at intervals of about two 
months have been kept separate through- 
out the experiment. As the results from 
the two crosses were so nearly identical 
at the end of the second month it is not 
necessary to complicate the tables by show- 
ing the results of the two crosses sepa- 
rately ; their combined totals will be given. 
The total number of flies drops with the 
passage of time due to the decrease in 


number of population bottles because of 


random extinction, breakage, mold _ in- 
festations or other factors irrelevant to 
the experiment. The combined data are 
given in table 1. 


FLUCTUATIONS OF THE EQUILIBRIUM 


In other studies with these population 
bottles still in progress we started with a 
high precentage of white eyes versus red 
and got a rapid drop to low values of the 
white eye gene in the population. An ad- 
vantage of the present cross is that an 
equilibrium is maintained with roughly 
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equal percentages of each effective geno- 
type present. Drastic changes in the con- 
ditions of the experiment would be neces- 
sary to cause radical fluctuations in the 
proportions of the different genotypes ir 
the totals obtained from all the population 
bottles. Another advantage of this mater- 
ial is that every genotype may be rapidly 
and accurately determined by a glance at 
the phenotype. Classification was carried 
out with the aid of a dissecting microscope 
but it could have been done with the naked 
eye with only slight inconvenience. 





The results of the competition between 
the two effective types of females, namely 
wmf 
the homozygous - and the heterozygous 
: wmit , 


M5 
wmf 
of M5 males offer no competition in mat- 
ing there is only one kind of effective male, 
the wmf. 

It seems clear that there has been an 
equilibrium of the three effective types 
of flies between the first count at the end 
of the first two months of competition and 
the last count at the end of fifteen months, 
perhaps shifted about by accidental varia 


are shown 1n table 1. As the 2% 








tions mn gene frequency and environmental 
fluctuations. The random deviations in 
gene frequency were beyond our control 
as were also the environmental fluctua- 
tions. Considering all the forces that 
could shift the equilibrium in one direc- 
tion or another it 1s remarkable that the 


TABLE 1. The equilibrium established between the competing genotypes in the population bottles 


M5 ‘. | M5 | 


wmt - NM. 

Date counted ‘So 77 wmf ——- 30’ M5 > ous Total 
7-15-46 822 (27%) 759 (25%) | 1322 (44%) 118 (4%) | 0 | 3021 
9— 6-46 650 (31%) 630 (29%) | 777 (37%) | 50 (3%) 0 2107 
11-— 2-46 1047 (27%) 1009 (25%) | 1840 (47%) | 24 (0.6%) | 0) 3920 
1-17-47 934 (28%) 1173 (35%) 1155 (35%) | 57 (2%) 0 3319 
2-25-47 438 (30°,) 425 (30°,) 549 (38%) | 29 (2%) 0 1441 
4-10-47 394 (29%) 462 (34°,) 480 (36%) 12 (1%) 0 1348 
6- 6-47 130 (22%) 129 (22%) 312 (53%) 19 (3%) 0) 590 
7-23-47 238 (22%) 193 (18%) 608 (56%) | 45 (4%) 0) | 1084 
8-27-47 132 (28%) 151 (31%) | 191 (40%) | 4 (1%) 0 178 

lotal 4785 (28%) | 4931 (28%) 7234 (42°) 358 (2%) 0 17,308 
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maximum difference in the percentage of 
homozygous wmf females present at any 
two counts was no larger than 9%, the ex- 
tremes having been 22% and 31%. With 
the heterozygous females somewhat larger 
fluctuations occurred, the lowest percent- 
age having been 35% and the highest 
50%. 

Presumably this equilibrium could be 
maintained indefinitely. Not one popula- 
tion bottle of the twenty we started with 
has had to be discarded because of the loss 
of the M5 chromosome. If any flies sur- 
vived at all, in exhausted bottles, at least 
one was heterozygous for the M5 chromo- 
some. 


SUPERIORITY OF THE HETEROZYGOTE 


It will be recalled that in the first gen 
eration of the progeny from the cross of 


M5 
the heterozygous females | ——-; by 
4 wmf : 


white, miniature, forked males the pro- 
portions of the three effective types was 
about 30% of each. If there were no dis- 
tinction between the homozygous wmf fe- 
males and the heterozygous females in 
competition one might have expected ran- 
dom sampling of the M5 chromosome in 
subsequent generations with approxi- 
mately three homozygous. wmf females 
present in the population bottles for each 
heterozygous female. 

Table 1 shows clearly that instead of 
a large excess of the wmf females there 
are always more of the heterozygous fe- 
inales, sometimes twice as many in the 
population bottles. The superior hetero 
zygotes maintain themselves in excess as 
a result of the continuous action of na- 
tural selection within the population 
bottles. 

The question comes up as to whether 
the heterozygous females could compete 
successfully with the homozygous females 
if greatly outnumbered by homozygotes. 
An experimental lot of ten population 
hottles was set up of which nine provided 
data. Heterozygous females were intro 
duced in small numbers into populations of 


TABLE 2. Introduction of a few heterozygous 


femal (<2) into lati 
emales | ——. } tnto larger ulations 
tem oneal ( ger populations 


wmf 
of homozygous ( amu.) fies 


wmf 





No. of population bottle... . 
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% 2 9 — introduced } 2}; 3] 1] 1) 2] 1) 2] 10) 10 
wmit ri} id 
| | } 
P M5 Pee oe al = 
/ P - two months later | 12 | 18} 9} 5} 5} 6| 3) 25) 14 
wmit . 4 





homozygous white, miniature, forked 
flies. At the first count, two months after 
the population bottles were set up, it was 
found that the heterozygous females had 
established themselves without difficulty 
as may be seen in table 2. At the end of 
the third count (six months) the hetero- 
zvgous females accounted for 43% of the 
population which is in satisfactory agree 
ment with the grand average of 42% for 
the experiment shown in table 1. 

There can be no doubt that under the 
conditions in the population bottles, the 
possession of the M5 chromosome in the 
homozygous or hemizygous condition is 
equivalent to lethality whereas its pres- 
ence in the heterozygous female is an ad- 
vantage sufficient to prevent its extinction. 
lf the populations were allowed to get so 
small that only one or two females sur- 
vived, it is of course possible that they 
would be all wmf, and the M5 chromo- 
some would be lost. Immigration would 
restore the favored type in a comparable 
situation in nature. 


ACCIDENTAL VARIATIONS 


It has been pointed out in table 1 that 
the lowest average percentage of hetero- 
zygous females in all the population bottles 
at any one count was 35% while the 
highest count was 56%, a difference of 
21°. As all the other differences are 
smaller, one might think that all the de- 
viations from the grand average of 42% 
heterozygotes were purely random sam- 
pling fluctuations. However, when it ts 
realized that each of these counts is for a 
large population of flies it should be clear 
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that the deviations are too large to be due 
entirely to chance fluctuations. This 1s 
demonstrated easily by finding x° for the 
deviations of the number of heterozygous 
females observed from the number cal- 
culated on an expectation of 42° for 
the nine counts shown in table 1. Total 
counts 163.6 which 1s 
extremely large and gives an infinitely 
small probability that our counts are from 
a homogeneous population. Chi-square 
was also calculated for the 110 counts of 
individual population bottles using their 
deviations from the number expected for 
42% heterozygous females. This value, 


yx’ for the Was 


using the \/2y? — \/2n — 1 arrangement, 
was 23.3 times its unit standard deviation 
and very highly significant. Most cer- 
tainly the fluctuations are much greater 
than one would expect to result from 
random sampling of a homogeneous popu- 
lation. We must conclude that the popu- 
lation has changed its composition at times 
during the course of the experiment. 
The most obvious place to look for rad- 
ical fluctuations would be in the environ- 
mental conditions. Every reasonable pre- 
caution was taken to keep temperature 
and food conditions constant but the food 
conditions are quite beyond control be- 
cause of the different sized populations 
which became established. There seems 
to be little doubt then that environmental 
fluctuations cause some of the variation 
in percentages of the three effective geno- 
types in individual population bottles. 
(1947) evidence in 
Drosophila immigrans of genetic drift, 


Spencer gives 
presumably the result of near-extinction of 
small local populations during the winter 
with a great increase in frequency of 
some of the non-adaptive mutations dur- 
ing the following summer because they 
happened to have been present in the 
heterozygous condition in those few indi- 
viduals which were the chance survivors 
of the winter season. 

The conditions in our population bottles 
simulate the above situation to some ex 
tent in that often only a few individuals 
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survive and pass into the new _ food 
bottles to become the parents of the next 
two or three generations, which are large 
because of the abundant food supply. 
There is a difference between our situ- 
ation and that reported by Spencer. In 
our case genetic drift could barely get 
under way before selection would succeed 
in reversing the trend back toward the 
equilibrium. 

There is no way in which 
the shifts in frequencies of the two kinds 
of females can be evaluated as to that 
proportion of the shift which is due to 
environmental fluctuations and that due 
to accidents of sampling. There is at 
least one way, however, in which the 
presence of variability due to accidents 
of sampling can be demonstrated. This 
may be shown by the relationship be- 
tween size of the population at the time 
it is counted and the change in gene fre 
quencies at the next count. If variability 
due to sampling is important the greatest 
differences in frequencies should appear 
in populations which came from small 
numbers of parents. Consequently, the 
data to be presented show the change 
in percentage of heterozygous females 

M5 

wmf 
which there were at least an arbitrary 
total of forty flies in the later count. 
In other words, taking a single popula- 
tion bottle we find the difference in 
percentages of heterozygous females be- 
tween the count at the end of the second 
month and the end of the fourth month 
and then plot this against the logarithm 
of the population size at two months. 
Next the difference in percentages of 
heterozygous females between the fourth 
count and the sixth count is then plotted 
against the logarithm of the population 
size at the end of the fourth month. This 
goes on until the span of time of the pop- 
ulation bottle has been covered, then the 
data for the next population bottle are 
employed in the same way. 

The resulting plot is shown in figure 2. 
It can be seen that with small numbers in 


obvious 





between any two counts in 
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Fic. 2. A demonstration of accidental variation in gene frequencies. The larger the popu- 


; ; , : M 
lation the smaller the change in percentage of heterozygous females ( 


of the periods of two months. 


the population which is ancestral to the 
Hies counted two months later, a large 
fluctuation in the percentage of hetero- 
zygous females can occur in the individual 
population bottles. Five of the population 
bottles with less than 200 flies as a start- 
ing population showed between 34 and 
61° change within the two months (this 
would mean from two to three generations 
of flies), but none of the bottles with more 
than 200 flies showed changes greater 
than 32%. Ten of the population bottles 
having between 200 and 400 flies at the 
starting count showed changes between 











g 
-) during any one 
wml 


15 and 32%. The three bottles with 
starting counts of more than 400 flies 
showed changes of only 4%, 5% and 
14°. It is quite clear that the larger the 
population maintained the less change 
there will be in the proportions of the 
M5 and wmf chromosomes in the two 
months period between counts. The 
smaller the population at the starting 
count the greater the change may be at 
the next count. The fact that this re- 
lationship holds is a demonstration of 
sampling variability at the population 
minimum which would result in “genetic 


















drift” except that in our experiment na- 
tural selection is too strong to allow much 
cumulative effect of the sampling vari- 
ability. 

We have a clear indication then, that 
under the conditions of our experiment 
sampling variation would not be of large 
magnitude in populations of over 1000 
but it is certainly a major factor in the 
fluctuations exhibited in the populations 
descended from groups of less than 500 
flies. 

Further experiments are in progress 
with populations of about 500 — 2000 
flies in order to obtain data concerning 
the magnitude of sampling variability in 
populations of this size range. It is pos- 
sible to do this by substituting quart bot- 
tles for the one-half pint units used in 
this experiment. 


EFFECT OF NATURAL SELECTION 


This experiment was designed with the 
expectation that the heterozygous female 
might have a strong selective advantage 
over the homozygous white, miniature, 
lorked female. It has been pointed out 
already that this was decidedly the case. 

Protessor Sewall Wright has been most 
kind in calculating the selective value for 
the data and his estimate is that for the 
two month interval at which counts were 
made the selection values (W ) were 0.286 


_ wmf. ’ , 
tor ——; females as compared with 1 for 
wmf 
wmf . 
— females. As there was more than 
M5 


one generation per 2 months interval the 


selection per generation is less than that 
just shown. If the average length of a 
veneration were one month the values of 
W would be the square root of the figures 


an _ wmf. 
above. Thus for —-; females the value 
wmf 
— _ wmf . 
would be 0.535 to 1 for === females. Ii 
M5 


there are three generations during the in- 
terval between counts the values of W are 
the cube roots of the values for the entire 
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2 month period. In this case the value for 
wml . : ; 
——. females would be 0.659 and 1 for the 
wml 

heterozygotes. Considering either two or 
three generations Professor Wright’s re- 
sults show that the selection per genera- 
tion is enormous. 


DISCUSSION 


This laboratory experiment ‘provides 
an analogous situation to a case observed 
widely in nature as “‘sex-ratio.”” In some 
wild strains of D. pseudoobscura, D. per- 
smilis, D. affinis, D. athabasca, and D. 
azteca, Sturtevant and Dobzhansky (1936) 
found that certain males gave almost ex- 
clusively female offspring. Males carry- 
ing the “sex-ratio” X chromosome pro- 
duced few sons, regardless of the female 
to which they were mated. Females, 
either heterozygous or homozygous for 
this X, produced a normal complement 
of sons and daughters when mated to 
normal males. Dobzhansky discovered 
that in D. pseudoobscura the “‘sex-ratio” 
factor was always associated with three 
inversions in the right limb of the XN. The 
factor attains a frequency in the neighbor 
hood of 20% in some populations. 

An explanation of how this “‘sex-ratio™ 
factor might be maintained in nature 1s 
apparent from our experiment. Presum- 
ably, the females heterozygous for “‘sex- 
ratio” and the three inversions have 
greater adaptive value than either homo- 
zygous type. This spreads the X with 
the “‘sex-ratio” factor on it through the 
population even though the “sex-ratio” 
factor would have negative adaptive value 
if it approached fixation, or perhaps con 
siderably before then. The normal type 
male might have positive adaptive value 
in dispersal and in expanding populations 
where a higher proportion of males would 
be essential. 

We assume that the gene arrangement 
has been preserved due to the existence 
of the inversions coinciding in position 
with the ‘“‘sex-ratio” factor on the X 
chromosome. 











Recently Novitski (1947) has proposed 
an interesting alternative explanation of 
the way in which the “sex-ratio” gene is 
maintained in the population. 

We are most grateful to Professor 
Wright for having read the manuscript 
and for his contributions to it. We are 
likewise indebted to Professor Dobzhan- 
sky and to Dr. Novitski for having read 
the manuscript and for helpful sugges- 
tions. 


SUMMARY 


A description is given of a new type 
of population cage, known as a popula- 
tion bottle, which has several advantages 
for a study of natural selection in labora- 
tory populations of Drosophila. The 
population bottle is a small enough unit 
so that a number of replications of the 
experiment may be run simultaneously. 
The populations may be counted with 
ease, particularly as the counting is done 
when the population is at the ebb of its 
cycle. The populations expand greatly 
when a new food supply is made available 
at the end of each period of two months 
duration and become smaller as the 
amount and quality of the food decreases 
during the period of two months. 

\ competition was set up between an 
inversion XN chromosome (M5, carrying 
markers apricot and Bar) and a “normal” 
X chromosome with the markers white 
eye, miniature wings and forked bristles. 
The inversion chromosome was of low 
viability and semui-sterile when in com- 
petition and for practical purposes could 
be considered to be a lethal, as homo- 
zygous M5 females were never found 
after the competition had been going on 
for as long as two months. There were 
always about 24% of the hemizygous M5 
males present but apparently they never 
succeeded in mating and were ineffective. 
The effective males were white, miniature, 
forked. The females heterozygous for 
the inversion and the white, miniature, 

M5 


forked chromosome { ——; J}, and the fe- 
wif 
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males homozygous for white, miniature, 
forked were in competition. 

One might expect the “lethal” inver- 
sion chromosome to be eliminated from 
the population bottles, but instead it 
flourishes in the heterozygous condition. 

M5 


wmf 
enough more successful than the homo- 


wmf 





The heterozygous female 





zygous female so that the con- 


wmf 
dition of heterozygosis is maintained. 
An equilibrium was established with great 
rapidity and the composition of the popu- 


*T wmf 
lation averaged 28% homozygous | —— 


wmf 
females, 28% hemizygous wmf males, 
M5 , 
42% heterozygous | — females and 
: wmf 


2% hemizygous M5 males. These values 
fluctuated severely at times but without a 
trend. 

It was shown that one of the primary 
causes for the fluctuations in the percent- 
ages of the various genotypes was the 
effect of accidental variations in the fre- 
quencies of the M5 and wmf chromo- 
somes. In these population bottles where 
the population size was usually much 
less than 500, at counting, it is not sur- 
prising that random sampling was so 1m 
portant. The relationship found between 
population size at its minimum and _ the 
amount of accidental variation indicated 
that with populations in the neighborhood 
of 1000 or over, the effects of accidental 
variation would be small, at least during 
short periods of time. 

The experiment was designed with the 
expectation that the heterozygous female 
might have a strong selective advantage 
over the homozygous female. This was 
found to be the case and Professor Sewall 
Wright has calculated the selective values 
which appear to be somewhere between 
0.5 and 0.7 for the homozygous females 
compared with 1.0 for the heterozygous 
females each generation. 

Three important sources of variability 
seem to exist in the populations of this 









































186 “aR oa 


experiment. These three are environ- 


mental changes, accidental variations due 
to random sampling and strong selection 
pressure at each generation. 

The analogy between this laboratory 
experiment and the “sex-ratio” condition 
found frequently in natural populations 
was pointed out. 
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Sexual isolation is very widespread be- 
tween species of the genus Drosophila. 
When males and females of two or more 
species occur together the matings are 
predominantly or exclusively between 
representatives of the same species. Most 
experiments previously carried out to 
elucidate this phenomenon used the so- 
called multiple choice technique. Virgin 
females of two species are confined with 
males of one of them, and after a certain 
period of time all females are dissected 
and their tubular receptacles and _ sper- 
mathecae examined under the microscope 
for the presence of sperm. Such experi- 
ments establish the fact that sexual isola- 
tion is present, but give no information 
about the factors which make _hetero- 
specific inseminations rare or absent. In 
this respect, visual observations as made 
by Mayr (1946), Wallace and Dobzhan- 
sky (1946), and Spieth (1947), throw 
more light on the problem. <A desired 
mixture of females and males of one or 
more species is placed together in a 
small, flat, glass cell, and their behavior 
is observed under a dissecting microscope. 
The various stages of courtship and copu- 
lation may be observed and_ recorded 
quantitatively. A similar technique has 
heen used in the experiments reported in 
the present article. Dr. Irwin Hersko- 
witz, of Columbia University, has found 
(unpublished) that males of Drosophila 
melanogaster may copulate with etherized 
females of their own species, and that 
such copulations result in apparently nor- 
mal delivery of sperm. It has, therefore, 
heen decided to test the behavior of males 
of some species of Drosophila when con- 
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fronted with a choice of etherized females 
of their own and of alien species. 

For this purpose, strains of Drosophila 
pseudoobscura and D. persimilis, col- 
lected at Lost Claim, California, and the 
Swedish-B wild-type strain of D. melano- 
gaster have been used. Groups of about 
fiftv males and females were aged sep- 
arately for 7 days in vials with food in 
the case of D. pseudoobscura and D. per- 
similis, and for 3 days in the case of D). 
melanogaster. The males were then 
transferred in lots of three or four to 
fresh food vials. A day later one con- 
specific and one alien female were ether- 
ized and then introduced into the vial 
with the males. Females were etherized 
for as long as possible without killing 
them and remained unconscious for about 
twenty minutes. The ovipositors of the 
females were squeezed with a pair of fine 
forceps so that the two halves were not 
tightly closed during the course of the 
experiment. The results are summarized 
in table 1. The controls, also included in 
table 1, were set up in the samie way sub- 
stituting non-etherized females for the 
etherized ones. The difference in results, 
especially in the case of D. melanogaster 
males, is very striking. No choice is 
discernible when etherized females are 
used whereas only conspecific copulations 
occur with non-etherized females. Suc- 
cessful copulations were relatively easily 
obtained with /). melanogaster males but 
were much rarer with 1). pseudoobscura 
males. The latter courted each other 
very actively but only rarely paid atten- 
tion to the motionless females. The D. 
pseudoobscura males that were observed 
mounted the females in a normal position, 


a. See 
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PABLE 1. Number (n) of males which have copulated with etherized females, 
and per cent of females inseminated (°%) 
n males females 








0 


heterospecific 


| 0 7 
| homospecific | 





31 pseudoobscura etherized etherized | 55 45 
pseudoobscura persimilis | 
| 
— 
30 pseudoobscura pseudoobscura persimilis 90 10 
44 melanogaster etherized etherized 45 55 
melanogaster persimilis 
40 melanogaster melanogaster persimilis 100 0 


the wings. JD. melanogaster 
males mounted in all conceivable posi- 
tions, belly to belly, or sideways. Sep- 
aration was sometimes difficult and lasted 
several minutes. Upon dissection live 
sperm was found in the tubular recepta- 
cles of all etherized females that had been 
observed to copulate. 

Copulation is the result of a chain of 
interdependent stimuli and reactions be- 
tween the male and the female. A break 
in this chain might prevent the successful 
termination of copulation. In the light of 
our present knowledge such a break may 
occur in several ways: 


between 


1. The alien male does not give the 
necessary specific stimulus (smell, etc.), 
and there is no reaction on the part of 
the female such as the opening of the 
ovipositor. There may even be an an- 
tagonistic reaction such as kicking the 
male off. 

2. The female gives a specific stimulus, 
sometime after the initiation of the copu- 
lation (secretion in the vagina, behavior, 
etc.), which differs from that of females 
conspecific with the male, and the male 
dismounts. 


The situation may vary from species to 
species, or even in various populations of 
the same species; generalizations cannot 
be made from a few experiments. 

Most of the work was carried out while 
a guest at the laboratory of Professor 


Colin S. Pittendrigh, Princeton Univer- 
sity. His generous hospitality, as well as 


many stimulating discussions, is 
greatly appreciated. Thanks are also due 
to Dr. M. Demerec, of the Long Island 
Biological Laboratory, where the work 


was initiated, for a summer scholarship. 


very 
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